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gadolinia.
Generally speaking, metallic materials have coefficients of thermal expansion which exceed

those of ceramic materials, the relative differences depending in part upon the method by which the
ceramics are applied. Consequently, one of the problems that must be addressed in the development
of successful thermal barrier coatings is to match the coefficient of thermal expansion of the ceramic
material or materials to the metallic substrate so that upon heating, when the substrate expands, the
ceramic coating materials do not crack. Zirconia has a high coefficient of thermal expansion and
this is a primary reason for the success of zirconia as a thermal barrier material on metallic
substrates. Coating durability is also important. In addition, there are obviously the normal desires
for long life, stability, economy etc.

Thermal barrier coatings have been deposited by several technigues including thermal

spraying (plasma, flame and HVOF), sputtering and electron beam physical vapor deposition
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applications where
PP coatings are less stram ch]Ierant than coatings deposited by high-rate processes such as EB-PVD.

It would be desirable 1o provide a ceramic coating which combines the benefits of strain
1olerance of a columnar grain ceramic coating with the reduced thermal conductivity of a thermal
sprayed ceramic coating. The present invention is directed to such a coating. _

Although the present coating was developed for application in gas turbines, e.g., for
aerospace and industrial applications, the invention has utility in other applications where high
temperatures, erosion-promoting and/or corrosive environmenis are encountered, such as furnaces

and internal combustion engines.



tenperatures, erosion-pronoting and/or corrosive environnents are
encountered, such as furnaces and internal conbustion engines. 2 - 5 AUG
2005 SUMVARY OF THE | NVENTI ON A superal loy article is disclosed tath#iih
thermal barrier coating. ThﬁEW?) i@ﬁg@ﬂgﬁqﬁ g]super al l oy substrate, an
adherent alumna |ayer on t gt ,ahd”a 9 ramc, thermally

i nsul ating A ayerallopartitie isdistiosebhav iy @ thernld) Gargier @ating. I'Ia:yeniclerimdlmes a
relatively th:ﬁ@)and nore str

in tolerant lLayer, .e.q.,. mar, grain
Cor an SSPeiAloy AbsHREAn Ao BRI YR B SRR g4 bSO e el |y
I nsul ajdyBGor BY Sumirka 18yer. Bhe deRidiRlay& Mchidech RGN thin 8 nidiesta tummf laggrai n
ceram c. The alum na layer nay be forned using a cqonventio ‘3 verlay or

al uni nEde ais8WEEHSRID Cﬁrlamfchén e s Jexer aad erelalvelyyck and morethege Bf f or mi ng
an al Urﬂsﬂﬁnﬁgf%g& e.BR BErnbdr SRl Terehicn MG BAY M efnf®e. Thelafunfina layer

phot oni crogr ap a coating In accordance chﬁh the present invention. FIG
2 is arrgw&prﬂonnemgrﬂs aF‘i"}Yal“tc‘Hé‘ overfaytor glampnigeend sqat, %ﬂ’ﬂﬁ%‘m&%&ﬂaﬁaa JPaYt he

Pr esentye kah4BRidt mingfeh @umind By 9raph illustrating the inproved thernal
i nsul at | nﬂj\‘capabl ity of the present invention. DETAI LED DESCRI PTI ON OF

THE PREFERRED EMBODI MENT Turning now to FIG 1, there is shown a thernal
barrier coating in accorgRpehHpdcdrIPTION OF $THEMRAWNSS i on. The present

invention is described in the context of a turbine blade, however those

skilled i n tH@- hisa Riplomigegrerhl 260athain aserrdmer 1t the Sreserd iySHIRN: s and
assenbl i es GHGURS o gHhlill ﬁ?ﬁnh@man%%dny\bﬁdk tQBrESahd Pesehl intdrBomr esent
ot

I nvention, including but n Imted to vanes, conbustors, cases seal s,
rings and add€e? agrnbipyrtinaiby ¥rRsgved thganalsylating capability oltheiPestPhi nes and
corrponq,we§t,g,pr use in applications other than gas turbines which can be
utilized with the present invention. A typical blade has an airfoil portion
12, a platformportion 14 and a root portion 16, as is known in the art.

Typi cal l'y, thosemfAILeDa)EﬁcmpmmonmP@Epemmmmgmrgam"es e.g., the
airfoil portion and adjacent poytion of L e. Iatformar coattgd]?with a

t her mal bar ri%PgBAY {90 I sl ghowtathermethag, °?W0§Hﬁ°8?f Free REP Yt ended to

be 1i mp}@gnttlﬁbeﬂﬁ&i |'I'-Iﬂtpl'd§£htﬁ)ﬂeﬁfb)i lspdhﬁdribedﬂnalie @het of Witirbine 8fade, Bowevet hoseFl G
1, an article |ncorgoratln the pres i nvention inc bstratbe 18,

B ahakUR ikt B TDEeEn S e GO per e PO RIS AT a5 BOe RS ST PE BAPEG o
rel alt | \¢8htid Sith &ieltobtinpaf Gidtprdsent eiveibnAineludin gr Rkt asti lmaie;l to vape€ cérhiausmoed, bqprs

ati |nv nt. on mat oatln I
Uoed £ Go PR SPEL TS pirol TGP B el P pRRE iR B B SR Y,
subst r appiscatiysi otiedr than IgmblldeS ohieh cam bmnnbzepmnmlﬂmwescmnpasw of a
e ot o 1 AP0t 8 Sl halish 12/2 HRlsdohs AAREY4Ma b kAR porlbF K8 BT COD! !

and cont ai ni -
known in the art. Typically, those portions of a component exposed to hot gasses, e.g., the airfoil

portion and adjacent portion of the platform are coated with a thermal barrier coating, although the
present invention is not intended to be limited to application on any particular area. With reference to
FIG. 1, an article incorporating the present invention includes a substrate 18, an adherent oxide layer -
20 and a two part ceramic coating 22 including a relatively strain tolerant layer 24 and a relatively
‘'more thermally insulating layer 26.

The invention materials and coatings are typically used to protect a metallic substrate. In
the case of gas turbines, such substrates typically include one or more portions composed of a
superalloy. Superalloys are metals, usually based on iron, nickel or cobalt and containing
chromium and aluminum and usually including titanium and refractory metals, and having useful
properties above 1200 °F (650 °C). In the context of gas turbines, such materials are typically cast,
and may be equiaxed, or directionally solidified, including polycrystalline and single crystal

articles. Table I provides a non-exhaustive list of exemplary substrate materials.
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which are expressly incorporated herein by reference.

Substrates composed of other materials, including steels, copper alloys and titanjum alloys,
and which need protection from high temperature operating environments may also be protected.

To date successful applications of ceramic coatings to superalloys have included an oxide
layer between the bond coat or substrate, and the ceramic coating, whether the oxide layer is
formed before, during or less typically after ceramic application. It is known from prior thermal

J barrier coatings that a metallic bond coat (sometimes described as an overlay coating) such as an

MCIAlY type coating is a good bond coat for ceramic coatings - with M being Fe, Ni, Co and/or
combinations of these elements. Aluminide bond coats are also known.

A broad composition range for MCrAlY coatings includes, by weight, 10-25% Cr, 5 - 15
Al, 0.1 - 1.0 Y or other suitable element, balance selected from Fe, Ni, and Co and mixtures of Nj
and Co. Additions of up to (or even exceeding) 5% each of Hf, Ta or Re, up to 1% of Si and up to
3% each of Os, Pt, Pd, Rh and/or other precious metals are also possible. Table I provides an
exemplary and non-limiting list of MCrAlYs that can be applied by suijtable methods such as
thermal spray processes, by EB-PVD processes, and by electroplating.

TABLE II
{wt % - Exemplary MCrAlY Compositions)
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€9, Com%é/mt%‘%ﬂs H’ (§lerlay and aluminide coatingsare also possible. See, e.g., commonly
owned U.S. Pat. No. 4,897,315 for a description of a system having an inner MCrAlY overlay

a

See,

coating and an outer aluminide coating. See, cominon]y owned U.S. Pat. No. 4,005,989 for a
description of the reverse combination, an inner aluminide coating and an outer overlay coating.

The common feature of these bond coats and bond coat combinations is that they form an
adherent oxide layer, e.g., alumina, on their outer surface. The inventive thermal barrier coating
has relatively limited solubility in, but bonds firmly to, alumina.

In certain cases, superalloys may form sufficiently perfect and adherent alumina layers to
which the ceramics may adhere without a separate bond coat. See, e.g., commonly owned U.S.
Pat. Nos. 4,209,348; 4,719,080; 4,895,201; 5,034,284, 5,262,245; 5,538,796 and 5,346,563. The
article of FIG. 1 illustrates the present invention employed with such a substrate material.

The thermally insulating ceramic (22, FIG. 1) is applied, either onto the substrate surface, 10
the overlay layer or aluminide layer, or onto the alumina layer, depending upon which of the above
described oxide-forming systems are employed. As noted above, the ceramic is applied in two (or
more) parts, with the first part comprising a relatively more strain tolerant ceramic and the second part

comprising a relatively more thermally insulating ceramic.
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The second ceramic provides relatively enhanced thermal insulation capability. While we

prefer to apply the material by thermal spray processes such as air plasma spray and low pressure
plasma spray, other known processes may also be employed. Where applied by thermal spray, the
second ceramic has a microstructure which typically appears as splats built upon one another, and
provides significantly lower thermal conductivity compared to corresponding material applied by EB-
PVD to form columnar grains. For turbine blades, the second ceramic may be applied to 2 thickness
of at least 1 mil up to about 100 mils or more, more preferably about 2 - 50 and still more preferably
about 3 - 10 mils, although those skilled in the art will recognize that the desired thickness will
depend upon the application of the component. For example, thermal barrier coatings on stationary

components such as combustor liners, turbine vanes and the like may be thicker that coatings on
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insulating ceramic layer. Furthermore, the cyc]:c spallation life of the two investigated hybrid TBC
systems was 1.4 times and 2.0 times superior to that of the above mentioned prior art TBC system, for
the thickness ratios of 1:4 and 1:1, respectively. This result is attributed to improved interlocking of
the thermally insulating ceramic layer to the underlying strain-tolerant ceramic layer, since the column
width near the tips of the EB-PVD layer tends to increase at least somewhat as the thickness of the
strain-tolerant layer increases. While the 1:1 (first more strain tolerant layer to second, more
thermally insulating layer) thickness ratio demonstrated a Jonger cyclic spallation life, for the given
overall thickness, the coating with a 1:4 thickness ratio provided greater thermal insulation than the
coating with a 1:1 thickness ratio.

Thermal conductivity benefit for a hybrid TBC system is estimated in F1G. 3 using the “rule
of mixtures”, the thermal conductivity for a layer of EB-PVD ceramic and a layer of plasmg spray

ceramic, in the case of FIG. 3 an EB-PVD layer of gadolinia zirconia prepared according to
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resistance, or provide an additional d1ffusron bamer or the Jike.

Although this invention has been shown and described with respect 10 the detailed
embodiments thereof, it will be understood by those skilled in the art that various changes in form and

detail thereof may be made without departing from the spirit and the scope of the invention.



Mor eover, given a constant TBC thi ckness and gas tenperature, conponent
tenperatures are |owered thereby extending conponent life. G vengays 2005
constant coating thickness and netal tenperature, higher gas tenperatures
are possible thereby inproving efficiency. Gven a constant gas tenperature
and constant .netal,  te ratuyre, thinper coatings may be utilized, which
greatly redudes tt%suﬁg‘}%ﬁoye%?lfbﬂ"’l%ﬂ‘gew mﬁégﬂ%o‘é’%‘?ﬁm&abl es use of
smal | er, i ghtsaperalioglssbstrspaf ts, bearings, etc. and/or increases creep
|ife. Moreover,. thi r]ner cQatings are expected to be nore durable than

thi cker coaf Alymunalayer ppthe sybshgtesand:  hermal stresses in the thicker

coatings ar e allighin@WeidsulRing QerbmicuatiRe d10mihBfayer B lcbthic 1% carhpring: and

conbi nati ons of the above, e.g.,. app]/icatjion of a sonewhat thinner TBC and
operation at a soRSRNERANFYRSFragieonthswrne I e: atthy al so be desirable. In
addition, it may Reherf@Shra9dd @rdnfc BRRININRARLBA%d AXBhia OH Me dohBmahghina!

spray layer, e.g., to provide additional erosion resistance, or provide an
addi t i ofFF™Hi f f usi on barrier, or the like. Al though this invention has been
shown and described with respect to the detailed enbodinents thereof, it

wi |l be understood by those skilled in the art that various changes in form

and detail 2her edhe agiglewd claigg b wherginthe tidpessof thg thermshspraaedgsrami¢ isghigast he
scope 0%50%Re tHeMiBHessUT theolumhal Wiin28@micl. A superal oy article having a

thermal barrier coating, conprisSing: a superalloy substrate; an alum na
I'ayer on the substrate; and a thermally insulating ceramc on the alum na

llayer, the ceram et g¥ele of QR b, SIHREEIn the 1Kk Rthe Wierhf) spRyATdeFanBislchSter
alum na | ayer; and a thernmal sprayed ceram c conprising a stabilized

zi r coni $aptherthigkness of the-RolugnaT BAWCERMMIC. 2. The article of claim 1, wherein
the thickness of the thermal sprayed ceramic is at |east 50%of the
t hi ckness of the columar grain ceramc. 3. The article of claim2, wherein

the thicknesé of tlheagtikleofalpin bhvpedn the thermallyjinsulgting eapamicilaygnhasisa oywalb kness

of the @lkdesRadndWeahitkates! HThCeoldhnal BRinALer fslaBoRtll -G0aL BY the VBRI Bichndshie
thermally insulating ceram c |ayer has an overall thickness, and the

t hi ckness of the columar grain layer is about 1 - 50 % of the overall

thi ckness. 55 The T8 biticle®f Ohin®h i Hitetn thiBQGBhL ghhPcfthid MRS thillkRdst o£Ab C
has a thickness of about 20 - 40% of the overall coating thickness. 6. The

arti cl e20f 4t af tor everglhenatinythigkeeseol unmar grain ceramic | ayer has a
t hi ckness of at |east about 0.5 ml|, and the thermal sprayed ceramc | ayer

has a thickness greater than the thickness of the columar grain ceramc
| ayer . 6. The article of claim 1, wherein the columnar grain ceramic layer has a thickness of at

least about 0.5 mil, and the thermal sprayed ceramic layer has a thickness greater than the thickness of

the columnar grain ceramic layer.

7. The article of claim 1, wherein the alumina layer is provided by an MCrAlY coating,

wherein M comprises Fe, Ni, Co and mixtures thereof.
B. The article of claim 1, wherein the alumina forming layer is an aluminide.

9. The article of claim 1, wherein the substrate is composed of a superalloy material

capable of forming an adherent alumina layer.
10. The article of claim 1, wherein the columnar grain ceramic is a stabilized zirconia,

11. The article of claim 1, wherein the columnar grain ceramic has a thickness of between
about 0.25 - 10 mils.



7. The article of claim1l, wherein the alumna | ayer is provided by-gquZWS
MCrAlY coating, wherein Mconprises Fe, N, Co and m xtures thereof: '8.
The article of claim1l, wherein the alumna formng |ayer is an al um nide.
9. The article of claim1, wherein the substrate is conposed of a

superal | oy eri capahle of formn n adherent alum na_ layer. 10. The
article of gﬁ i m %,Le ngr%é)?ﬁia% WFW?%FSIQ?’%\?T@”&%F%?H"S haga thickpegs pf 3t Jesst

zi rconi abould.5mikke article of claim1, wherein the columar grain ceramc
has a thickness of between about 0.25 - 10 mls. 9 - 5 AUG 2005 12, The
article of claim1l1, wherein the columar grain ceram c has a thickness of

at |east abomt OThe BiticR.of $Bim TReheddist ihe ktRnBdl sprbfddBerhmidRR R &bRpddigont her nal
sprayed & ram c has a QQHEOF#%iOH di fferent that the conposiFion of the
coIunnaP‘%Fﬁfﬁmg:?%HW€sni Of the; golumpar gragn ¢sfandit-ai m 1, wherein the therma
sprayed ceram c |ayer has a thickness of between about 1 - 100 mls. 15.
The article of claim 14, wherein the thermal sprayed ceram c |ayer has a

t hi ckness of !4-apodfe articlesfclaim L whegein th thegpal sprpyedgeragticalaysr has # trakness of
conpri ShétFesubastdi L1p0Rals. coating on the thermal spray |ayer which is nore
erosion resistant than the thermal spray layer. 17. A superalloy article
having a thermal barrier coating, conprising: a superalloy substrate; an
al unina | ayens.on trhgasivleSt Eidin€14, Mheremh thO@ERR Spfayed stthiic 186k A Allicknedort he
alum na | ayer, the ceramic |ayer conprising: a columar grain ceramc |ayer
on the 2% hgjmﬁ§er and having a thickness of at |east about 0.5 nmil; and
a thermal sprayed ceram c conprising a stabilized zirconia on the col umar
grain ceramc¢ and having_.a thickness greater than about one-half of the
thi ckness of 1¢he dBf eHRSCf gl b furthsr semmsisingya pdditional qugtingien the thermd! spreni m
17, whela@érwHidlSis Giokd dFbeidn 1@5igthiit (AR thénlaPpRdy 1has @ thi ckness between about
1 - 10 mls. 19. The article of claim17, wherein the thermal spray ceramc
| ayer has a thickness up to about 1 - 25 tines the columar grain ceramc

| ayer thickness. AQuperalloy article having a thermal barrier coating, comprising:

a superalloy substrate;
an alumina layer on the substrate; and
a thermally insulating ceramic on the alumina layer, the ceramic layer comprising:
a columnar grain ceramic layer on the alumina layer and having a thickness of at least
about 0.5 mil; and
a thermal sprayed ceramic comprising a stabilized zirconia on the columnar grain

ceramic and having a thickness greater than about one-half of the thickness of the colummar grain

ceramic layer.

18. The article of claim 17, wherein the columnar grain ceramic layer has a thickness
between about 1 - 10 mils.

19. The article of claim 17, wherein the thermal spray ceramic layer has a thickness up to

about 1 - 25 times the columnar grain ceramic layer thickness.
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