CMAS-RESISTANT THERMAL BARRIER COATINGS TECHNICAL FIELD [0001] The present
disclosure generally relates to thermal barrier coatings for high-temperature mechanical systems, such
as gas turbine engines, and more particularly to thermal barrier coatings including rare earth oxides.

BACKGROUNpP, 100021 The components of high-temperature mechanica&,g)f%g (?9/(?}6&?(,35' for
example, gas-turbine engines, must operate in severe environments. For example, the high-pressure

turbine blades and vanes exposed to hot gases in commercial aeronautical egnes typically
experience metal surface te AR 3&%5%%%%@%99 WSS high as 1100C.

Typical components of high-temperature mechanical systems include a Ni or Co-based superalloy
substrate. In an attempt to reduce the temp8E€tHAE €XIeHERES by the substrate, the substrate can

pe coated with a IggpRIelceaNABLEB L e hermabiaen %3@&%}%@%%?%#% a thermally

insulative ceramic t_%gé:oat and is bonded to the substrate by an underlying metallic bond coat. The
TBC, usually appl 8RB etk sralime sedlesgantdim PBisardapeiedeposition, is most

often a layer of ytthia:wiabiiz eotRireoiisukYsd &b aihicknessof Ak dQ0-500 um. The properties of
YSZ include low thermal conductivity, high oxygen permeability, and a relatively high coefficient of

thermal expansion. The YSZ TBC is also typically made "strain tolerant" and the thermal conductivity

further lowered by depositing a structure that @Wus pores and/or pathways. (0003]
Economic and environmental concerns, i.e., the desire tor improved efficiency and reduced emissions,

continue to drive thpsigvalermeRhadransed JpsHIRR aRdIRASVILbigher Dl temperatures. As

the turbine inlet temperature continues to increase, there is a demand for a TBC with lower thermal
conductivity and HigHEPfe#isaraRiPe S8 B hIRFTs & PRy FHR FRXERTMC i F IR BRA%en lower the

temperatures expetégrigeglysstensttaie bisdIMViNARYed 0QAdd b gengials thedavertan is directed to a

TBC or EBC topcoat having enhancgd CMAS-resistance qompared to conventional YSZ topcoats.
. . acronautical éngines ical gecré)erle ce meﬁl Sul% ace tﬁr]négerature* o) a?fou{i. .
CMAS is a calciamagnesia-alumina-silica posit resulting from ingestion of siliceous minerals

(dust, sand, volcahi®&shestrshovhicdeberksanditheikéPith Heintakmpdentinogagturbine engines.
temperature mechanical systems include a Ni or Co-based superalloy substrate. In
an attempt to reduce the temperatures experienced by the substrate, the substrate
can be coated with a thermal barrier coating (TBC). The thermal barrier coating
may include a thermally insulative ceramic topcoat and is bonded to the substrate
by an underlying metallic bond coat. The TBC, usually applied either by air
plasma spraying or electron beam physical vapor deposition, is most often a layer
of yttria-stabilized zirconia (YSZ) with a thickness of about 100-500 pum. The
properties of YSZ include low thermal conductivity, high oxygen permeability, and
arelatively high coefficient of thermal expansion. The YSZ TBC is also typically
made “strain tolerant” and the thermal conductivity further lowered by depositing a
structure that contains numerous pores and/or pathways.

[0003] Economic and environmental concerns, i.¢., the desire for improved
efficiency and reduced emissions, continue to drive the development of advanced
gas turbine engines with higher inlet temperatures. As the turbine inlet temperature
continues to increase, there is a demand for a TBC with lower thermal conductivity
and higher temperature stability to minimize the increase in, maintain, or even

lower the temperatures experienced by substrate.



[0005] In one aspect, the disclosure is directed to a coaling with a CMAS-resistant layer including a
rare earth oxide and alumina, wherein the CMAS-resistant layer is essentially free of zirconia and
hafnia. [0006] In another aspect the disclosure is directed to a coating with a CMAS-resistant layer
including a rare earth oxide and alumina, and a second layer The second layer includes a compound
selected from a MCrAlY alloy. wherein M is selected from Ni, Co, and NiCo; a /3 -NiAl alloy; ay -Ni +
rf-Ni3A1 alloy; rare earth oxide-stabilized zirconia, rare earth oxide-stabilized hafnia, mullite, silicon,
barium strontium aluminosilicate, calcium aluminggiMgsta Regrdierite, lithium aluminosilicate, rare earth

silicates, and inations thereof. The CMAS:resjstant | is adjacent the second layer. 100071 In
yet anothor ast Lol SHEEIBLIRS [SYHPHELM B SrIGHIBIE b 2 e A B EREAREE bt ayer
including a rar€Marfhresidenandahpmiediodoaraintthe filst Jatogrc imesemiallyifreeatifizireonia and :
halnia. [0008] The detai .one.or mo ' ts of the invention are. th in th
accompanyingmci1 nv%?ﬁ%?&%{é%%%%%gs%r{igg?))%}%%%v%ﬁ%t rg%fz%d? g?{é%?e%ﬁgfﬁagr%éeé vglr?%ggses of the
invention will Kévappardnt flomiheshesctipion aelridrandribs e idhihéndiiend BRIBRAS

DESCRIPTION,QF PRAWINGS [0009] FIGS. IA and | B are cross-sectional diagrams of a substrate
coated with a bond coat and a thermal or environmental barrier coating includin% a CMAS-resistant

layer. [0010] AE08lidnosfosdedetisndisaiagiisn's Siishtetéd fatriientBhimeM AP dssitstfdtid Goated

with a bond cqataaghg thereahe eavsenmgnialbarkipseRatRITNCAKlRG adransitipn layer and a
CMAS-resistant Ig%/ga:“é; OllJF[{Fé.IG. Jisa %r%ss-sectional diagram of a substrate coated with a bond

coat and a thefth RN BAREPEB ting including a transition layer and a CMAS-resistant

layer. [0012] HiEB86 Ui, ABflandspecatkeciBsi saetionkidiagtams dhtsigating sransnisnasikayers between

a thermal ba"i%e‘%olgyﬁ%i%g% ?a%hgé?‘r _roexsiidset%plhlg%%ina, and a second layer. The second layer
includes a compound selected from a MCrAlY alloy, wherein M is selected from Ni,
Co, and NiCoj a f-NiAl alloy; a ¥ -Ni + y'-NizAl alloy; rare earth oxide-stabilized
zirconia, rare earth oxide-stabilized hafnia, mullite, silicon, barium strontium
aluminosilicate, calcium aluminosilicate, cordierite, lithium aluminosilicate, rare earth
silicates, and combinations thereof. The CMAS-resistant layer is adjacent the second
layer.
[0007] In yet another aspect, the disclosure is directed to an article with a substrate and
a CMAS-resistant layer including a rare earth oxide and alumina, wherein the first layer
is essentially free of zirconia and hafnia.
[0008] The details of one or more embodiments of the invention are set forth in the
accompanying drawings and the description below. Other features, objects, and

advantages of the invention will be apparent from the description and drawings, and

from the claims.

BRIEF DESCRIPTION OF DRAWINGS
[0009] FIGS. 1A and 1B are cross-sectional diagrams of a substrate coated with a bond
coat and a thermal or environmental barrier coating including a CMAS-resistant layer.
[0010] FIG. 2 is a cross-sectional diagram of an alternative embodiment of a substrate
coated with a bond coat and a thermal or environmental barrier coating including a

transition layer and a CMAS-resistant layer.



' [0013] FIG. 5 is a cross-sectional diagram of a substrate coated with a bond coat and a
CMAS-rcsistant layer. [0014] FIGS. 6A and 6B are cross-sectional photographs of an ytterbium silicate
(Yb2Si207) layer in contact with a CMAS layer and a reaction layer formed at the interface. [0015]
FIGS. 7A andwB aie/@p3s-sectional photographs of an ytterbium silicate $¥b2sidfdasdaxer in contact
with a CMAS layer and a reaction layer fowled at the interface. (00161 FIGS. 8A and 8B are

cross-sectona) pRiRg aRGs olan el sIEARLIPRIORAXCLIRG RGN A OMAS laver and
a reaction layer formed at the interface. [0017/] FIG. 9 is a cross-sectional p otograp% of an ytterbium
silicate (Yb2Si05)32hpreaheact videanonte bpas14pelis sindlvd Bitivfdasiaes farpieaddt the interfaces of

the ytterbium silicate JayersandithedeMAS layers. [0018] FIG. 10 is a cross-sectional photograph of an
ytterbium silicateég ' Zg) laye bogﬁegfto a CMC substrate by a Si bond coat layer. DETAILED
DESCRIPTION (QUHTA o dr bR S AR (5 A SEHIBE CORAETEB0)
compositions thatlpessegsvirare dseadLhiAs( caddia: magnesia-siienisnatdiicate) degradation resistance

compared to conelytsiz-piaRlized geONAYSA), THC3, AN ACicl sagier ih such TEC.

More specifically, the disclosure is directed to a thenital barrier coating including a CMAS-resistant
layer that reacts viith €MD tEsifitgtsitfcreased CMAS degradation resistance compared to

conventional Y SZ[R$sFH) A48 d8rhine d3ieldemng rHsRsantnse JaBareaskpew theal barrier
(Yb:81,07) layer in contact with a CMAS layer and a reaction layer formed at the
interface.
[0015] FIGS. 7A and 7B are cross-sectional photographs of an ytterbium silicate
(Yb,S1,04) layer in contact with a CMAS layer and a reaction layer formed at the
interface.
[0016] FIGS. 8A and 8B are cross-sectional photographs of an ytterbium silicate
(Yb,Si0s) layer in contact with a CMAS layer and a reaction layer formed at the
interface.
[0017] FIG. 9 is a cross-sectional photograph of an ytterbium silicate (Yb,SiOs)
layer in contact with two CMAS layers and reaction layers formed at the interfaces
of the ytterbium silicate layer and the CMAS layers.
[0018] FIG. 10 is a cross-sectional photograph of an ytterbium silicate (Yb,Si,07)
layer bonded to a CMC substrate by a Si bond coat layer.

DETAILED DESCRIPTION

[0019] In general, the disclosure is directed to thermal barrier coating (TBC)
compositions that possess increased CMAS (calcia-magnesia-alumina-silicate)
degradation resistance compared to conventional yttria-stabilized zirconia (YSZ)
TBCs, and articles coated with such TBCs. More specifically, the disclosure is
directed to a thermal barrier coating including a CMAS-resistant layer that reacts
with CMAS leading to increased CMAS degradation resistance compared to
conventional YSZ TBCs.

[0020] As turbine inlet temperatures continue to increase, new thermal barrier

coatings are required with better high temperature performance. As described
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coatings are require d with better high temperature perfolluance. As described briefly above, TBCs
are typically deposited as a porous structure, which increases the stress tolerance and reduces the
thermal conductivity of the TBC. Flowe,ver, this porous structure is susceptible to damage. Higher

- turbine inlet terppeRIaSNay lead to damage of the TBC when CMAS, a pcr/irs2009/030826
calcia-magnesia-alumina-silicate deposit, is formed from the ingestion of siliceous minerals (dust,
sand; volcanic ast‘henséf{ungv%g is, and th(—ﬁlilée wigh the intake of air in ga%t rbine engines. Typical

CMAS deposits have a mening erﬁ&éeratw}%ao SRS B EPE UB S 195D BB SYEdF to about
2300F. As advancéd griginelrnyetiBClecasdvethermnpécatdres dhovetthd BMAB weelting temperature,

the molten CMAS m%&%il&r?t‘iﬁ&aﬁe%%ﬁ&%&ﬂ% DREmYYDenie ompanal jcéréoﬁ? ghelow the CMAS

melting temperature, the CMAS solidifies, which exerts a strain on the TBC and may reduce its useful
life. The filling of tFR*P&TAL B LA ERE RitR BROIEA EMAS: ihed) AitsBHBBFE4BURBNEIAHA conductivity

of the TBC, which dsydeiriipésntatididie thBagefita sranceandtassRY Righemhedrahstress on the
component substragg. [0021] A qjtionaléygh%hl?krg%ﬁlnﬂ%% . ma dissolve the YSZ TBC, The YSZ

TBC dissolves pre?ereesﬁtrlléxﬁy glo%g“é’r%?n ouno: ries, and depen Il;’llél SHPINE R ﬁn(%llneeﬁ\istry, zircon ia

with lower ythia cohiteistintay Ay deisiséitchovt ofigienmoiteresolutiofiztbusl 3ei€asiigihe effectiveness of
the TBC. [00221 Fi&5e A a86: 2809PP\% %%%%ﬁ%@ﬂgﬂ%&é’&%’&@&?&&%@%@&ﬁ&ﬁrﬂa@&Sed ina

high-temperature mechanical system. The article 10 includes a coating 14 af)plied to a substrate 12.

The coating 14 indRIBREAUESHIE40 FAppRdacting isewpsariure, hamalisa Bdiereésating (TBC) or
environmental bartigieaatingy B G} thd appliedtenthe bansbemtid tosled rIGMASaBsistant layer 15

applied to the TBC/EBC 13. The choice of ingluding.a TBC .or an EBC may d %pn the substrate,
as will be describertr:}cllﬁm %erré1 éegff%é oW %‘?L?ﬁleebélﬁlslfrha%cﬁ ?nsgr)? neg/%tcggr?l% ﬁnelﬁt of a high

temperature mechaaicgdsystsmsdutchias Therfdkagmilticagas alithirEBéhyitieras! ttredike\ STypical
superaloy subsitags 12 lis-lovn hassct i S0 Wi an g i The ipstaloy substat

12 may include other additive elements to alter its mechanical properties, such as toughness,

hardness, temperatt e RSHABMENE S SRR eu e Re i ietatis R HERTTamEaN SR GYP Hke, as is well
known in the art. Ad§eusefidisupdialtby swhstratd AR maydbeolitizedy SICiBingTieysxample, those

available from Maq;'@c dl\gls%tiietta Cfor "BiFth sda, MD, under the trade designatipn MAR-M247; those
available from Cannon'-li/lus\lfgeesgporﬁ e %}tﬁa Mﬁ%ﬁé&gaﬁn mhgr%(rjlgsr’t?)ned%?e e due%i(é%ﬁ?o%esﬁ\CMSXA and
CMSX-10; and thehikeisfoo 2djonievatibstrereyiifianaytelsmanaindip iaterahatteaniitaomposite (CIVIC).

The CMC may inclydgidnynusatul ceramite Bk malerahdngieding, for example, silicon carbide,
silicon nitride, alumjina, silica, and the like. The CMC may further include any desired filler material,
BB iR S

and the filler mate bES YRRt O AR MY b Y SBIRIAT G E Y giMforcement. For
example, the filler watériahipayeinptuderdiscontintmd ugswiniskeesyrptatel etachrdpasticdtaies. As another

example, the filler jaigyiah MAYIRCHIS 3 CRRUBNRHS TERAAE L) Buitflapmsos weave.
substrate 12, a thermal barrier coating (TBC) or environmental barrier coating
(EBC) 13 applied to the bond coat 11, and a CMAS-resistant layer 15 applied to
the TBC/EBC 13. The choice of including a TBC or an EBC may depend on the
substrate, as will be described in more detail below.
[0023] The substrate 12 may be a component of a high temperature mechanical
system, such as, for example, a gas turbine engine or the like. Typical superalloy
substrates 12 include alloys based on Ni, Co, Ni/Fe, and the like. The superalloy
substrate 12 may include other additive elements to alter its mechanical propertics,
such as toughness, hardness, temperature stability, corrosion resistance, oxidation
resistance, and the like, as is well known in the art. Any useful superalloy

substrate 12 may be utilized, including, for example, those available from Martin-



[00251 The filler composition, shape, size, and the like may be selected to provide the desired
properties to the CMC. For example, in some embodiments, the filler material may be chosen to
increase the toughness of a brittle ceramic matrix. In other embodiments, the filler may be chosen to

provide a des%gg RIORE Y, to the CMC, such as thermal conductivity, electyi lvity, thermal
expansion, hardness, or t%le like. [00261 In some embodiments, the filler c%krcn%jogg@g@gf%éé be the

same as the ceramic matrix material. For example, a silicon carbide matrix may surround silicon
carbide whiskers. YrBeHa SR difiEts MR fils fisteiia dasignriandé R dieténtesmposition than the
ceramic matrix, suehinslenfulitedings NakQuHIT0s NRlibke0bihBlikadene: preferred CMC includes

silicon carbide cor&tinuo%ls Q?EQ?QQ%QQE%%&%[HC% a{ ide matrix. [00271 The article 10 may
( 0

include a bond coa?sﬁl%dojacent or overlying substrats 12°The bond coat 11 may improve adhesion

between the TBC/8#9a] {BhanebtratsBstratel oinTind dyormanuamialrimegninesitd € usBial alloy, such
as a conventional Aef ALYy allomAwhisr ﬁs@f‘uilsc!%}icxxygé)n{%'irbliﬁgkgr?aﬂ%i&%ﬂngi,%?'e?é&&fﬂi@,ide alloy (either

unmodified or modijfied by Pt, Cr, Hf, Zr, Y, Si, and combinations thereof), a ry-Ni + y-Ni3A1 nickel
aluminide alloy (eﬁﬁé?rhmé?fié’&%nmﬁeﬂllﬁ?%, sticagng ihe/liks: They [Viiat:\ ereof), or the
like. [0028] The bantudeahsl cair s incltitis, aedamics armifelmalieirisdbatamisampatible with a

CMC substrate 17, For example, the bond coaf 11 ma ‘Lrlll%l le mullitc, %lli%nror the like. The bond
coat 11 may further include other elemen S, such as silicates of Fare edr eefe?n%até)ﬁlr?cluding lutetium,
ytterbium, erbiumdyspebxiadisgadolinmihiskespiatclsancanaricuigetyhsiemotteerium, lanthanum,
scandium, yttriumeQiihe like rReme.rrsiergd Rand seahdheampasiipnsfeppverlying a CMC
substrate 12 include silicon, mullite, yttrium silicates and ytterbium silicates. 100291 The bond coat 11
may be selected BEYEHIFRERABRr of considerations, including the chemical composition and phase
constitution of the[0BEHEBL: IBlandtpesitidisitripe]dzEanexamipemwhiensthe sulbsateids? includes a
superalloy with 7- Ni + 7'-Ni3Al phase constjtution, the bgnd coat 11 preferably jncludes a 7-Ni +
Ni3Al phase coné%?u%?glﬁeto%gfgtrl?%sg%%t e%logﬁfc%ﬁ{n ?emlgr?ﬂgf&%gésrfbeﬁngﬁ%e%%ﬁeraIon
substrate 12, andm&rasbreninessheectte intsehatheabseabilisofbrétiossrohtheond boat 11 to the
substrate 12. AlteppagivalvonhRaihasuistiaty d2dnsides,aGMG dasbondRegtd Lis preferably

silicon or a ceramig, such as, for example, mullitc. 100301 In some embodiments, a bond coat 11
including a single 1Ayt aﬁc{fi‘?ﬂﬁfﬂ P e AL GRS R S o RATEBAL IR, in some cases,

the bond coat 11 majningladeheriidtiple layers. For example, in some embodiments where the substrate

12 is a CMC compyisipgsilican garhide, %P%d a i%' ing a layer of silicon followed by a layer of
mullite (aluminum?gili(?’aie,“Ak_Sei2013 "arare eafgﬁ s%?ga?égg?%%rlna I |%é%%r%‘?%r%ea%%h8}sﬁlicate dual layer is
deposited on the CAISIRRTAIEATIA Bohereoricl ¢ sbaoprisivideuitiplenayersranas be desirable on a

CMC substrate 13iipaceamplisihihedesiretdunstiomsmel thenbamd-ceatdd nsuchasalor example,
adhesion of the s lﬁtrate 12tothe T C/%BC 13, chemical cgm atif\{‘ii&tj of the bond coat 11 with each
' E@é%i% t%ﬁ‘ﬁ‘

of the substrate 12" AAG the TBE) e HREPLLRETE S B S e HETAMars, and the

like. [0031] In yet otwex,emibodikeefiss thefartitlEMO maydestilichuderbidonad thoatud Fibkgr example, in

some embodimentstha JBC/ERC 1 3.may heapplied directly to the substrate 12. A bond coat 11 may
not be required or desired when the TBC/EBC 13 and the substrate 12 are chemically and/or

mechanically comB%ibId hesrtiskadtomsyiinduissdimeresivicrdiapatta oy mpdyim sHbrsesstrate 12
adhere sufficiently stronghyie ea€h OiRSindRABAARIIH RAVRALREIBEIEBSANY. and the

substrate 12. The bond coat 11 may include any useful alloy, such as a
conventional MCrAlY alloy (where M is Ni, Co, or NiCo), a B-NiAl nickel
aluminide alloy (either unmodified or modified by Pt, Cr, Hf, Zr, Y, Si, and
combinations thereof), a y-Ni + y'-NizAl nickel aluminide alloy (either unmodified
or modified by Pt, Cr, Hf, Zr, Y, Si, and combination thereof), or the like.

[0028] The bond coat 11 may also include ceramics or other materials that are

compatible with a CMC substrate 12. For example, the bond coat 11 may include



‘Additionally, in embodiments where the coefficients of thermal expansion of the substrate 12 and
TBC/EBC 13 are sufficiently similar, a bond coat 11 may not be necessary. In this way, TBC/EBC 13
may be either adjacent to or overlie bond coat 11 or be adjacent to or overlie substrate 12. [0032]

TBCIEBC 13 Ray:he/ssiegted to provide a desired type of protection to syhsfrate 12 Jg%,rﬁexample,
when a substrate 12 including a superalloy is utilized, a thermal barrier coating may %e esired to

provide temperature resistance to substrate 12. A TBC, then, may pmvide thermal insulation to
substrate 12 to |oé%7é‘#5ﬂ$e~°f ﬁ?ﬁe?éfﬁ?g’%‘?(pﬁl% %‘éddcfﬁtédﬁgﬁ’a@énf?ﬁ BBt FafISwhen a
substrate 12 incluslitlgza Ghd@esafitiiredare EBEG © iauEBR O BGIbIgyerammettiayer coating may be
desired to PrOV'd?dﬁ@ﬁl%&%lﬁeg%&%%%ﬂO&T%%ﬁﬂd\(ﬁﬁ%fhﬁ%%? %ﬂ%,'%%eﬁu%?%rﬁ%aﬁuﬁ?c? may include
any useful insulative layer. Common TBCs include ceramic layers comprisirig zirconia or hafnia. The

zirconia or haffiia BT HEyYHHENRIC Ol Sle M S5 i bouheritd Insoaippsitigesfasd characteristic of
the TBc, such as, fesr8xampteviphass.stabityc iR oMUY emthg dike syemplary additive

elements or compo%m:?s inc.&ud?, for example, rare earth oxides. The TBC may be applied by any
useful technique, HER b‘i‘%s,l bcra§§‘<ample, plasma spraying, electron beam physical vapor deposition,
chemical vapor dé@dzMidincdoddtheatiké n{6P Bd jAereBasvdyninalutbeany aaekidriai@s,which prevents

environmental att%g{gg %gggég@t‘g o] @ﬁﬁ&%‘& Eglg IsEd%’% S@ﬁﬁg c,i Q%%l&jlg f%ﬁéf?&sl@ at are resistant

to oxidation or water vapor attack. Exemplary EBCs mullite; glass ceramics _sucrh as barium
strontium aluminoéfisabetiaabls ot areoploSibey, thabsiatuminekitestsysliBsiadsy; cordierite

(malgng&gium alurrmgeswr}ﬁ!@_\n ﬁﬂ@e'Uﬁh@ﬁ&ﬁfiﬂ&mm_@éﬁ@%{ﬁ%ﬁgﬁﬂcﬁiﬂ%@@yﬁl\lﬂ'm{fBg may be
applied by any useful technigue, such as plasma spraying, electron beam physical vapor deposition,
chemical vapor dﬁﬁbgt%ﬁbﬁ%a“tﬁ%“ﬁ\?g.tfo%ﬁf ﬁéﬁ%u‘ Fe%%cﬁ%ﬁﬂéﬂﬁél}e%éltﬁﬁj’ﬁ‘&‘m‘c {8 an EBC or a
TBC, a CMASresmmlkvyaubﬁrmyZb@pmvidﬁnbadjmmatMe me@mef&ylmgaﬂiBﬁjl(E&@sﬂﬁlq protect the
TBCIEBC 13 fromyfiliaian gl MemdUR M LLIeA Rl JRCIRBEI TR G A S Tesistant layer 15

may react with any CMAS present on the coating 14 and form’a reaction layer 16, as shown in FIG.
1B. The CIVIAS-rd&tae 34y4C1 e henfeeastio h s rabhnilirormara: iseriaTeictsueddgeor prevent the
infiltration of CMA&dnisidhapeikes of the porous TBC/EBC 13. [0036] In some embodiments, the

CIVIAS-resistant @% 11?12%?1@/ gg&gjs{[ég{:st I er, se ta]trgtte Lr%rlm TBC/ BIC 13, as sQown in FIGS. |IA
and 1.B. The CMAS- 85 BHETAVRTOTETALY BEORdSHag th e FREIEBEAGE Y ARV useful method
including, for exarupiid, Plasnfansprayidgiretectrorrbdapatidpditdepositionsaskhenhicabrdpor deposition
and the like. coat 11 may include multiple layers. For example, in some embodiments where

the substrate 12 is a CMC comprising silicon carbide, a bond coat including a layer
of silicon followed by a layer of mullite (aluminum silicate, AlsSi,013), a rare earth
silicate, or a mullite/rare earth silicate dual layer is deposited on the CMC substrate-
12. Abond coat 11 comprising multiple layers may be desirable on a CMC
substrate 12 to accomplish the desired functions of the bond coat 11, such as, for
example, adhesion of the substrate 12 to the TBC/EBC 13, chemical compatibility
of the bond coat 11 with each of the substrate 12 and the TBC/EBC 13, a desirable
CTE match between adjacent layers, and the like.

[0031] In yet other embodiments, the article 10 may not include a bond coat 11.
For example, in some embodiments, the TBC/EBC 13 may be applied directly to
the substrate 12. A bond coat 11 may not be required or desired when the
TBC/EBC 13 and the substrate 12 are chemically and/or mechanically compatible.
For example, in embodiments where the TBC/EBC 13 and substrate 12 adhere

sufficiently strongly to each other, a bond coat 11 may not be necessary.



[0037] The CMAS-resistant layer 15 may include any element that reacts with CMAS to form a solid or
a highly-viscous reaction product (i.e., a reaction product that is a solid or highly viscous at the
temperatures experienced by the article 10). The reaction product may have a melting temperature
significa_ntly hi_g,l@,efﬁga%glgl\/lAS (e.g., highgr than about 1_200-1250C). A s_gl&q)%m%w%y;gcous reaction
product is desired because the CMAS-resistant layer 15 is consumed as it reacts with CMAS to form
reaction layer 16. If, for ex;ample, the reaction product of CMAS-resistant layer 15 and CMAS was a

relatively low viscOSI AN thETORAREBSKPREURF SR At PADSHEhBHETS BBUHISC 13 once the

CMAS-resistant |aybstifcis2conSIREEBY Hareadiioitnshichiisrihdveiy@cdiurmeneathe CMASresistant

layer 15 is designed.to previent;: [Q038kH theggasti oduct i olid or hi iscous, however, a
reaction layer 16 will fdgrr{‘{? on t&é sS face%?C?M%gg&%%%% Eggr%%lqsvér&?%}v%\%’vr\ﬁr the reaction rate
of the CIVIAS witlf el CMAS iasiathain tagaerlis stpiias, 1dnce a solid or highly viscous reaction layer

16 forms on the syyiBoe PhthEEcMASesistantlayes deviliergastianbetyresndng CMAS-resistant
layer 15 and CMAS Willgserligv,dﬁq?ecause any further reaction will require the diffusion of CMAS through
0

the reaction layer T8Y6? PrRRa iR A SR P OB I AirtRTEH Y 1 BBHEBSent of the
C_MA_S-resistant lahemdd tiroughatives reactiod dayeat tb@xt@z&lﬁc_temptemheﬁm_t&&eltm either case, the
diffusion of either GM%.95(he FRMARIEHLOLING GMASTESIRIANKIAGT IR IR RSIgH Lo be the

limiting step in the reaction once a solid reaction layer 16 is formed on the surtface of ClviASresistant

layer 15, because!RiffeRERSH N B erEnsRslRystubsbatss?. [Oodooties mniasheagistdstriager 15 includes

at least one rare earthcaxisie J¢satulyare farthaxides: nckiste oxides slremaihgliements, including,
for example, Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu Dy, Ho, Er, Tm, Yb, Lu, and combinations

, Pr, Ng, , Sm, Eu, Gd, Tb, Dy, Ho,
thereof. In some ecﬁ%lggi%aé’n}fg,dﬁ?g"éﬁﬁ’ﬁéq‘r’é‘fﬁ&éﬁfa@%fet? P ST AR5 %5r 8Bnia and hafnia.
That is, in these etimblddiments, the coating includes at most trace amounts of zirconia and hafnia, such

as, for example, Y g4pauiiie MEas el NEISISIAGANRIIRE 266 ol ixides, [9040] The

CMAS-resistant layer 15 may also include alumina and/or silica in addition to the at least one rare
earth oxide. For eX@RTHI2H5E CMRSsiResterttitaydieimambleinerai aiuring 2RE s@east one rare
earth oxide, silicaiafid@tieastieneisi& earbooxide. aoalgninasigilichapelleastene rare earth
oxide. Alumina alédé‘(g;r\ sili%a may be adfje to _thteb I.\/IAt%-resi tan(ila%(er 15 tcgtzii or one or more
properties of the SH S SAR TRVEP 150 SRR A o RS A SR R K HERIET réSctivity of the layer 15
with CMAS, the visositianfatittreadtioany oductsydheds oeffidie ivofthepnalexpatision, the chemical

compatibility of the,aver 45 wif g, EBGIAG i3 Ancdhe ke, {NR4 AL Frkihek,in.spe embodiments,

the CMAS-resistant layer 15 may optlonaligl include other additive components, suchas, for example,
Ta205, HISiIO4, al&iPExpreKIngHEIHCEaRR IR S ER MR PRI FhFRIE dRRAE components may be
added to the CMASptesistantdayeritd to modify one or more desired properties of the layer 15. For

example, the add@? ﬁogn%?nts may increase %rl ecreqlslfcahthe rez?ction.rate of the CMAS-resistant
) the

layer 15 with CM aynmo |f§}l énvélcgsaw Bt the Feaction pPoduetirom the' ?gtéilcﬁtcg%c%f CMAS and

the CMASresistarst l@yeriBamaljdncreast b ES 6ol the CiMms aidistaitlayeridftacthe TBC/EBC
13, may increase g dgeheaSe-48e apermicRLSIRRILY QRS EMARIGSIRIANG 1YL 1a.Afdhe like. 100421

The CMAS-resistant layer 15 may include from about 1 inol. % to about 1060 mol. *Ye of the at least

one rare earth oxiths? & RgHah ST UG BIRmsditicara BtRsSe MAL Y iifnt 2581 5 may also include
up to about 99 maluthinisaicleast anBfG vkl CaRAck RMidinGtiossdhereat idhmel.%, with a total

of 100 mol.%. aluminosilicate; and rare earth silicates. The EBC may be applied by any useful
technique, such as plasma spraying, electron beam physical vapor deposition,
chemical vapor deposition and the like.

[0035] Regardless of whether coating 14 includes an EBC or a TBC, a CMAS-
resistant layer 15 may be provided adjacent to or overlying TBC/EBC 13 to protect
the TBC/EBC 13 from infiltration of CMAS into the pores of the TBC/EBC 13.

The CMAS-resistant layer 15 may react with any CMAS present on the coating 14



[0043] In some preferred embodiments, the CMAS-resistant layer 15 may include about 10 mol. % to
about 90 mol. % of at least one rare earth oxide, and about 10 mol. % to about 90 mol. A of at least
one of alumina, silica, and combinations thereof and, optionally, about 0.1 mol. % to about 50 mol. %
of the additivesggmpepants. In other preferred embodiments, the CMAS-rgsigtatidaygosba may include
about 20 mol. A to about 80 mol. % of at least one rare earth oxide and about 20 mol. % to about 80

mol. % of at least one.of alumina, sjlica,,and combinations. thereof Loptionally, about 1 mol. % to
about 30 mol. % of t é"%{%éi e 1c?’(_!)lma Sﬁ(le%ﬁt%s. %@N&T&I&‘T% %%{céﬁlgs@\%%ﬁigcﬁﬂﬁgéygggant layer 15
may vary widely depereitignoayiid Condifionsalrdsenihichiuactiviereteig tocbefilsathordr example, if

CMAS deposits a@\,@ggqg&gqigq,ggseaggﬂg%@mg%ggéﬁgnt layer 15 may be thicker. Additionally, if
CMAS-resistant layer 15 is to replace TBC/EBC 13, as will be described in further detail below, the

thickness of CMA -%@éfh?ﬂni’ﬁfé?%‘m%}%g‘ﬂMﬁ%ﬁsﬁ‘%ﬂﬁ%grﬁ’&V&&ﬁ%ﬁﬁ%%@Which article 10
is exposed. The thigknrassioepPERCPRONXNhS itendrorapplicatian eaymangeiereahent 0.1 mils (I mil
= 0.001 inch) to about 60 mils, 0.1.mil. In,s iments, the thickness of CMAS-resistant layer
15 may rang)e frorer% }é%(?l%na)ai rﬁﬁg%egt%%% egg% %fé.gﬁ?%tﬁsép%?nn%l&emgn g%,g%del?ﬁc{‘% Ness of
CMAS-resistant |dpeeaniiayp ksnes fronnabeatons nile toriyeipdstionissHO81a] Yepay also be
preferred that the gogffigisni-afithereal expansion of the CMAS-resistant layer is similar to the
coefficient of thermal ex&ansion of the TBC/EBC 13. Thus, the coefficient of thermal expansion of the

component or co {2 COMHHPIERIGTEmE lesioralS s el st ket st e iiidhtant consideration
when designing tMeMOAASHasisiaiidlay ehikhlyFalbbeds Macie sesaecegamplansdang el silicates (e.g.,

s 1o oo e il B SO SRR e e e
The reaction product may have a melting temperature significantly higher than
CMAS (e.g., higher than about 1200-1250°C). A solid or highly viscous reaction
product is desired because the CMAS-resistant layer 15 is consumed as it reacts
with CMAS to form reaction layer 16. If, for example, the reaction product of
CMAS-resistant layer 15 and CMAS was a relatively low viscosity liquid, the low
viscosity liquid would infiltrate the porous EBC/TBC 13 once the CMAS-resistant
layer 15 is consumed by the reaction, which is the very occurrence the CMAS-
resistant layer 15 is designed to prevent.

[0038] If the reaction product is a solid or highly viscous, however, a reaction
layer 16 will form on the surface of CMAS-resistant layer 15, which will lower the
reaction rate of the CMAS with the CMAS-resistant layer 15. That is, once a solid
or highly viscous reaction layer 16 forms on the surface of the CMAS-resistant
layer 15, the reaction between the CMAS-resistant layer 15 and CMAS will slow,
because any further reaction will require the diffusion of CMAS through the
reaction layer 16 to encounter the CMAS-resistant layer 15, or diffusion of a
component of the CMAS-resistant layer 15 through the reaction layer 16 to
encounter the CMAS. In either case, the diffusion of either CMAS or the
component of the CMAS-resistant layer 15 is expected to be the limiting step in
the reaction once a solid reaction layer 16 is formed on the surface of CMAS-

resistant layer 15, because diffusion will be the slowest process.
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[0039] The CMAS-resistant layer 15 includes at least one rare earth oxide. Useful
rare earth oxides include oxides of rare earth elements, including, for example, Sc,
Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and combinations
thereof. In some embodiments, the CMAS-resistant layer 15 is essentially free of
zirconia and hafnia. That is, in these embodiments, the coating includes at most
trace amounts of zirconia and hafnia, such as, for example, the amounts present in
commercially-available rare earth oxides.

[0040] The CMAS-resistant layer 15 may also include alumina and/or silica in
addition to the at least one rare earth oxide. For example, the CMAS-resistant
layer 15 may include alumina and at least one rare earth oxide, silica and at least
one rare carth oxide, or alumina, silica, and at least one rare earth oxide. Alumina
and/or silica may be added to the CMAS-resistant layer 15 to tailor one or more
properties of the CMAS-resistant layer 15, such as, for example, the chemical
reactivity of the layer 15 with CMAS, the viscosity of the reaction products, the
coefficient of thermal expansion, the chemical compatibility of the layer 15 with
the EBC/TBC 13, and the like.

[0041] Further, in some embodiments, the CMAS-resistant layer 15 may
optionally include other additive components, such as, for example, Ta;Os, HfSi04,
alkali oxides, alkali earth oxides, or mixtures thereof. The additive components
may be added to the CMAS-resistant layer 15 to modify one or more desired
properties of the layer 15. For example, the additive components may increase or
decrease the reaction rate of the CMAS-resistant layer 15 with CMAS, may modify
the viscosity of the reaction product from the reaction of CMAS and the CMAS-
resistant layer 15, may increase adhesion of the CMAS-resistant layer 15 to the
TBC/EBC 13, may increase or decrease the chemical stability of the CMAS-
resistant layer 15, or the like.

[0042] The CMAS-resistant layer 15 may include from about 1 mol. % to about
100 mol. % of the at least one rare earth oxide, + 1 mol.%. Insome embodiments,
the CMAS-resistant layer 15 may also include up to about 99 mol. % of at least
one of alumina, silica and combinations thereof, + 1 mol.%, with a total of 100

mol.%.



10.1 8.58 7.9 5.2 10046] The exemplary rare earth silicates have coefficients of thermal expansion
that differ by as much as a factor of two (e.g., Gd2Si05 (Gd203 + Si02) and Yb2Si202 (Yb203 +
2Si00). This permits a fairly wide range of tailoring of the coefficient of thermal expansion of

CMAS-resistagf]ays)h2-1q be similar to the TBC/EBC 13. For example, a E%ég%% P
yttria-stabilized z-irconia has a coefficient of thermal expansion of about 1 4/C. Thus, either

neodymium siIicateéNdZSiOS)-based or gadolinium sjlicate (Gd2SiO5)-based compositions may be
particularly desiraI&* i mRARgiar s EfTRL s alhe| PeeSiAG Kres EhpaegtEdadditive
components. As asacdichexaihplebaCMsLbstrbie smsyphaveacankBidentef thewmal expansion of

about 4 x 10-6PC to about B/C. Ine diments where the CMAS-resistant layer 15 is applied
diectly 1 & VG B b e S e S o SR M e it e

described in furthé&rcabiicdetony ks diiowh Gllivaletvib 28120 59- et dd ebhpuiitions may be a

desirable choice tg,ibidain e ddperiesisianblayRhd haleRg WAL O F@??ﬂﬁ?d additive
components. 100471 Other coating geometries may also be used to reduce the stress placed on the

Iso b
interface of CMASHESISERIGS LIPS 4HA 1988 Beok 3aRir JerbPReRE c18L ovideaitferent
coefficients of thesinak eRpasisiksio kbsue8amipleYas ahwagt onddCaldmaniiienadicle 20 may include a

substrate 22 and a a;li{& 24thTh £9 ting.24 may, inctllfde b pd oat.21l a Q3C/EBC 23, and a
CMAS-resistant Iay(/)g%é&%)gﬁn ré i?%rq‘é%‘é’\’}%r%rﬁ. & thmeogm/goodﬁoé%%%s oc%‘\'/n%r?tl . 1, the coating
24 shown in FIG. 2dflifitreegompRigassa transitional layer 28 between the CMAS-resistant layer 25 and

the TBCFEBC 23. [Bmgr@néiﬁi@&%@m&mmg@m@%p@@%g}%%@%laé@%%@gesistant layer
25 and the TBC/EBC 23. Far.example, when a TBC/EBC 23 includes a TBC comprising zirconia and

) hen a . |
the CI AS-resistarPiEyeTo8 00t By WBIEh R <Aihes [orhs Hetkifioh S apds include a mixture
of zirconia and yttéspisin siticatecitleorbddura divaydhvehKle:astapproxintately eoihidker.

Additionally, if CMAS-resistant layer 15 is to replace TBC/EBC 13, as will be
described in further detail below, the thickness of CMAS-resistant layer 15 may be
determined by the thermal conditions to which article 10 is exposed. The thickness
depending on the intended application may range from about 0.1 mils (1 mil =
0.001 inch) to about 60 mils, £ 0.1 mil. In some embodiments, the thickness of
CMAS-resistant layer 15 may range from about 0.1 mils to about 30 mils. In other
embodiments, the thickness of CMAS-resistant layer 15 may range from about 0.5
mils to about 15 mils.

[0045] It may also be preferred that the coefficient of thermal expansion of the
CMAS-resistant layer is similar to the coefficient of thermal expansion of the
TBC/EBC 13. Thus, the coefficient of thermal expansion of the component or
components comprising the CMAS-resistant layer 15 may be an important
consideration when designing the CMAS-resistant layer 15. Table 1 shows some
exemplary rare earth silicates (e.g., a rare carth oxide mixed with silica (Si0;)) and

their corresponding coefficients of thermal expansion.
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11 amount of the components of the CMAS-rcsistant layer 25 and TBCIEBC 23, or may include any
other desired mixture or proportion of components from the CMAS-resistant layer 25 and TBC/EBC
23. [0048] The transitional layer 28 may be applied as a separate layer from the CMAS-resistant layer

25 and the TBG{ERfe/s3-470r example, the TBC/EBC 23 may be applied figst R Rigsiaseraying. The
desired mixture of TBC/EBC 23 components and CMAS-resistant layer 25 components may then be

ixed and applied fo the TBC/EBC 23 by pl ing, followed by application of
CMAS resictant y HL0G r REHAHER LD S8 OHS) AEHONAY G EROM HEBIG, 3, e

transitional layer {38 may aldo include more than one sub-layer. In this embodiment, the %nsitional

layer 38 includes|thiesrgub{ayeksi@sa, 38%:588e. HBWEkr, théribisitionabiSyer g @ahsitional
layer 38) may indlud@iememany or as few sub-layers as is desired. For example, transitional layer 38
may include one jay&TEp tg threg, layers, %r?e layers, or more than threeﬂgyers. [095.01 Sub-layer
38a is preferably|cgrapesitignally most similar to TBC/EBC 33, e.g., sub-layer 38a may intlude more
than 50 % (by welight, volume, moles, or the like) of components that form TBC/EBC 33.For example,
sub-layer 38a may.inc about 90 % (by weight, volume, moles, or the like) TBC/EBC 33
components, andé%%ﬁ%%e%%\ﬁ%% ?,%%Fﬂéc,aﬁﬁ%f@é’%f’? éciﬁ?éﬁg]ﬁ;ﬂrg\%§%?ﬁ?ﬁ‘?§yer 35
components. Subthaydifs8by tyemamay arfgitoote fwaGpoxii€ly Eguak arfiddntad components from
TBC/EBC 33 and- g MAS;resistant lyer 35l aRRreximaialy 22,0 weight; volyme, moles, or the
like) TBC/EBC 33 cozrﬁf)_o7n?e§htzs, and ab2o)l§jt _50%0 (by WeightP/vo]luem%%ﬂo es, ‘or.qtﬁé I?Eg) CMA
S-resistant layer 35506 AE ML EiraISap 48§ A8e i éansold tobspasitsriamesimilar to the

CMAS-resistant laysr/ERC @3amiex shfdayeB88adnamn naivdaesmpredhanceRia/Q.fky weight, volume,

moles, or the like) of CMASresistant layer 35 components, 1R one embodiment, sub-layer 38c may
include about 90 S8 B Wi Eﬁ‘%f}n‘% ,Wb?&so%gﬂ%fﬁéjell(/lp Sﬁé‘éﬁsfé ﬁé@@ﬁiﬁ@%mponents and

about 10 % (by wsiifateydlds$i€)s rekes, coigtidellikedn BBCIERGI3I @)rhpadentspodiliobd inihe inclusion of
the transitional layen,28; 38 marsedies, e rasficientqh ermal axpansian gradisns, or in other
words, make the compositiorial transition from the TBC/EBC 23, 33 to'the C;MA -resistant layer 25, 35
more gradual, thuRFRiFR (iENe RRERonepisfiitichtscontHanmal e yfaHsi sHuMEHE Bradual. FIGS. 4A,
4B, and 4C illustratesioplgriexamplesefhe jadusesriases exerted ap dha.interfaceof adjacent layers
as the number of fransitignal layers is jinc d. In the following examples, it is assumed that the
CMAS-resistant Ialtlf/gfrgbﬁg{/neleg%‘rveﬂg &f f%:co(é%%gh?%?t né%%‘fgﬁ \{e\%(b%ar?&%%af#%eﬁ tltlﬁé BC layers.
While in practice thisstragy18ramiay hotbeontd, dttis ioohveniBdCfarbitetsdkRe of whikse simple examples.
Additionally, expaRsiafhty sRWR-ASRECHEING, I0ply RS harz eptat dissrianpf FIGS. 4A-C, which

may or may not be true in real systems. In real systems, the expansion may occur equally in all
directions, may oCBTPRFHYrERA L deriiehicaieisr i dreliFdedbn GYAMSHIGIdRMFdétion, or may
occur in inconsistelohamh bty thhet@ghout tidithatesiahodepending on the temperature profile in the
material and the isgir, r anisptropy of the material, for Lxample. 10052.1 As one example, FIG 4A
shows a CMAS-rjglgt?ﬁﬁ)%ffecro glg%{)a S lfr%%@'d?é %@eé‘afgg(%n%“?‘é‘*caﬁzﬁﬁ?iﬁgSH heating
(indicated by arrole40te)fapreoCMASSreasisteanitltage t 2 51d SRS | Adctutlydtithortheics BC/BBC 431

expands. Line 4940 5\Grdénindisatesa yertisal.sliss At FRGTERSA3LanchGMASresistant layer

451. As the theiinal expansion progresses, line 491 symbolically )
, another article 20'may include a substradte 22 and a coating 24. The coating 24

may include a bond coat 21, a TBC/EBC 23, and a CMAS-resistant layer 25, as in

FIG. 1. However, unlike the embodiment shown in FIG. 1, the coating 24 shown in
FIG. 2 further includes a transitional layer 28 between the CMAS-resistant layer 25
and the TBC/EBC 23. The transitional layer 28 may include components of both
the CMAS-resistant layer 25 and the TBC/EBC 23. For example, when a
TBC/EBC 23 includes a TBC comprising zirconia and the CMAS-resistant layer
25 includes ytterbium silicate, the transitional layer 28 may include a mixture of

zirconia and ytterbium silicate. The mixture may include an approximately equal
11



breaks into two sections 491a and 491b corresponding to CMAS-resistant layer 451 and TBC/EBC
431, respectively. Additionally, this expansion is indicated by gap 4a, the distance between line
sections 491a and 49 Ib. The difference in rates or extent of expansion, then, causes a stress at the

interface of TI},&(FZ g,/ogi’;;zland CMAS-resistant layer 451. [0053] FIG. 48,3[3@ s' 8&%&?&9 transitional
layer 482 between the CMASresistant layer 452 and TBC/EBC 432. As the ar’?fclrg} Is heated (indicated

by arrow 402), the transitignal layer 492 expands an intermediate amount, more than the TBC/EBC

432 but less than BMAS L eomnagrseshe (M ASTIRSEE M dA¥EFn WLHBE SR nterate 408 between
the TBC/EBC 432nasdittiedsangitivnatitaired 4Bandgndpsettace d@adoatwvedrvthenéransitional layer

482 and CMAS-re;@gﬁng%t%grg%%ég ig}ncgqaé gl%p 41), the difference in expansion of the

transitional layer MAS-resistant layer 452, also shown as the distance between line
492a and line 4921908 loWertipnFiGnd BrkaASmanbevinintich esexisapgisnagPtHe T MAS-resistant layers

452 and 451 and FRUERG A L300 432 IESPREVEY. Areihie same., (Q0P4LASR figal example, FIG.

4C shows a transitional layer 483 that is compositionally graded. That is, each of sub-layers 483a,

483b, 483c is a differert TGN RIATESBNRg: 4954 Bl usHBoSi oMot similar to
TBC/EBC 133, sulntayeic483ndbEivig Satspasitinnallysmaapsiila s, GAR-resistant layer 453, and

sub-layer 483b being.compEsi injermediate. This. construction further reduces the strain on the
article due to therm: lggé%gr%iolflrl? ggé%%?%f kpgi%% fles {gggﬁtgéf y%gr)rg V\?%g]f)é{l?ﬂg%ﬁ%rence in thermal
expansion betwedméastatifaceay tayeonihicirrsitmaderetBby gap 4c, is smaller than either of gaps

4a or 4b, which ingjgaéed loyehinermahexRansien difierences.aneipsdonucLalessggon the
interfaces between the |layers. [0055] It mz%ibe understood that the more sub-layers included in the

transitional layer, T SOME ST S SERO e 1hidFAAENae ShebefitidHtS bf thermal
expansion. The ntimdeanbflsudos 281381 1ke tHvsition dldayatinesd hgtde. imitad;tuimay be chosen

according to the dl%?'e@?% roperti sdof tfrlg artcl)(%laeS e.\g( ggﬁ-ltz'ir%? %Qgsﬁéﬂ?e ‘eFlnvoIvedlén producing the

article. [00561 The article m flgiéloelﬁélyaréya transition layer that Is not |V|(§)égxl?1¥3)sﬂb-layers, but
which includes a ¢omttigsisRy gratiecovipes s aFsr wxiariphe lebersrAnsitibicayer Mg be
compositionally mast sirailas,igthe TBC/EBC at the TBC/EBC-transitional layer interface, and most

similar to the CMAS-resistant layer at the CMAS-resistant layer-transitional layer interface, with a

composition that égﬂﬁ’ﬁ@s’q?}’ﬁ%ﬁ%t1§)ﬂ§e]??6ﬁ]?}5fﬁ8rﬁ*§’§ﬂ?§' %Hm%é%i?ﬁ tfb?ﬁ/g)’é%ﬁesistant layer
composition along thesdetircos thentransitidn abday trad 6057 | WswehgwrvauFE bl dheGMAS-resistant
layer 55 may alsoeplass TG ALEHG FRomeembadiments; Repiacing e [RC or EBC with a

CMAS-resistant layer 55 may allow better matching of the properties of the substrate 52 and the

CMAS-resistant [djeigsaeah Ybsransesthanalarrpuods e tigdily) TREGHRHidkent of thermal
expansion). The GMARH@sistantiayen b5 aywiekride.ant. onply e ohthekaboveagescribed benefits,

including, for exarpers){sethrcl;c l}/lay%rs 3gecscj§r}€'o%%%ts?%euflf)iﬁggg}' 38b, then, may include an approximately
equal amount of components from TBC/EBC 33 and CMAS-resistant layer 35, or
approximately 50 % (by weight, volume, moles, or the like) TBC/EBC 33
components, and about 50 % (by weight, volume, moles, or the like) CMAS-
resistant layer 35 components. Finally, sub-layer 38¢c may be more
compositionally similar to the CMAS-resistant layer. For example, sub-layer 38¢
may include more than 50 % (by weight, volume, moles, or the like) of CMAS-
resistant layer 35 components. In one embodiment, sub-layer 38¢ may include
about 90 % (by weight, volume, moles, or the like) CMAS-resistant layer 35
components and about 10 % (by weight, volume, moles, or the like) TBC/EBC 33

components.
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of thermal expansion matching, and the like, while still providing low thermal conductivity similar to or
better than conventional TBCs. [0058] The article 50 may include a CMAS-resistant layer 55 applied
to a bond coat 51, as shown in FIG 5, or the CMAS-resistant layer 55 may be applied directly to the

substrate 52. The, 6 praesistant layer may again include at least one ragg.gaeh Rxidg.Jseful rare
earth oxides include oxides of rare earth elements, including, for example, Sc, Y, La, Cc, Pr, Nd, Pm,

Sm, Eu, Gd, Tb, r,. Tm, Yb, Ly, and combjnations thereof. In some emhodiments, the
CMASresistant Iat)f/%éorggg'rrﬁgﬁnﬁ@sé 3 %ﬁ‘aﬁltﬁqﬁ%%‘? 9%8?1%;’;:%1?’?3% NPT F9CIHHTB5R embodiments,
the coati_ng includésratahmnmeammutsrdﬁ pﬁmm&aras]dnlalaénl&, cmmqtva‘ﬁpﬂgr tex@itipte, the amounts
present in commegcialavaianig rase a3l extess NORANNER GMASesisianliaug! S5 replaces

the TBC or EEC, the CMASresistant layer 55 mwe/ also include alumina, silica, or a mixture of alumina

a
and silica. [0060] PsBmBerpveivkinelitient vl simsnrpgrmes graguabtiiiyhclude up to

about 50 mol. % agliie4coNHpAReNiin SlECR Ay IR EXa RIS R AR s EfSIQuAlkali oxides, alkali earth
oxide, or mixturesugpe{eof H} . additive components may be addeti to the CMAS-reiistﬁmt layer 55 to

modify one or more Gesiréd pt%f)eenrttlgg?rﬁﬁ efa{l% &t et%rbsdﬂ?\?él %ﬁdﬁ@ﬁf&aﬁ?gy Ré&¥ase or
decrease the readtibowaiecafitirdcS MASsesisththiataye CHHAWithsG kA Synalamodifydive viscosity of the

reaction product fraurieneactianaf Mo RAMING.GUABISCIRIANL YR of MR dpgigase adhesion

of the CMAS-resistant layer 55 to the bond coat 51 or substrate may increase or decrease the
chemical stability BfYfE BMASRsdidtit garvssicp fitidhnaske ob et i exprarepred embodiments,

the CMAS-resistantiay@f=i5, smayrisiehuneabaiislmelnYiteaben R9ineal. %t legst one rare earth
oxide and about qu 02/%-0 ov@b%ut 90 mol. % of at least on{e of alumina, silica, and_combinations

thereof, and optionally, about DT et 08 IB*4BSLEP B0 R 51 168 ST athtvd S6HBsnEhts, In other
preferred embodinremtsiothmGMAS: @sisiant ki dirdsmayninchaderabegta@naolod4t o about 80 mol. %

of at least one rarg,earh Xide.igh Rk 2Adnek 4RO B0 ok aahlgast one of aumina,

silica, and combinations thereof,and optionally, about 1 mol. %to about 30 mol. % of the additive
components. All ABA4FdRTaracdhe Hiboy [drspdingrn G reResiaRrIaeiniEy be applied to the
bond coat 51 or shiastratek2isingrasy dsaidieshoiote rinekuding: inayrmple, electron beam

physical vapor depgsh|on, PIasma SRravR% SIRMICE AR 2e008Iion: 3¢ g ke EXAMPLES
immediately adjacent TBC/EBC 431. Upon heating (indicated by arrow 401), the
CMAS-resistant layer 451 expands laterally further than TBC/EBC 431 expands.
Line 491 in FIG. 4A indicates a vertical slice of the TBC/EBC 431 and CMAS-
resistant layer 451. As the thermal expansion progresses, line 491 symbolically
breaks into two sections 491a and 491b corresponding to CMAS-resistant layer
451 and TBC/EBC 431, respectively. Additionally, this expansion is indicated by
gap 4a, the distance between line sections 491a and 491b. The difference in rates
or extent of expansion, then, causes a stress at the interface of TBC/EBC 431 and
CMAS-resistant layer 451.
[0053] FIG. 4B, then, includes a transitional layer 482 between the CMAS-
resistant layer 452 and TBC/EBC 432. As the article is heated (indicated by arrow
402), the transitional layer 492 expands an intermediate amount, more than the
TBC/EBC 432 but less than CMAS-resistant layer 452. This reduces the strain
exerted on interface 408 between the TBC/EBC 432 and the transitional layer 482
and on interface 409 between the transitional layer 482 and CMAS-resistant layer
452. Asindicated by gap 4b, the difference in expansion of the transitional layer
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Example 1 [1:1063] FIGS. 6A and 6B show two cross-sectional photographs of an article 60 including
an ytterbium silicate (Yb2Si207 or Yb203-2Si02) layer 62 adjacent a CMAS layer 64. The article 60
has been exposed to a temperature of 1250C for 4 hours prior to the photograph. The CMAS and

ytterbia silicatg,Raygy ipsted at the interface to form a thin (about 5 attm tl}ﬂ% %gbggsﬁyer 66. A
portion 68 of the article 60, which shows the reaction layer 66 more clearly, is shown in FIG. 6B.

Example 2 00641 FIGS, 7A and 7B show two cross-sectional photographs of an article 70 including
an ytterbium silicat (%é‘iég\f%ﬁw BiE0 2y P AR SERAD I BT T he article 70
has been exposedieaiehiretbinésdbd35AEHOr4B hivur i prigrbi thehphaiogtapbf thhe CMAS and

ytterbium silicate paygdeaste %Ig interf tp fo lop, layer 9 A portion 78 of the article 70
is shown in FIG. 7E§.){E§af%%le%§al 1 0%5 F&E%Aa%%rg%%rﬁﬁgwit}véoé@ésigg t?gtrll‘éﬁiqﬁ’h%fographs of an
article 80 after exf5si#fecto a temperature of 1350C for 4 hours. The article includes a layer 82 of a

second type of ytt@gzynnsikieaia eXR5I0P1er YRS RAIacania G \Balayer 84. The CMAS and

ytterbia silicate have again reacted at the interface and formed a reaction Iage,r 86 that is about 10 um

thick. Additionally “ETE SRS H a5 88 g5h M SWHAYET AP LRicAP145es 82 TS has not
infiltrated the cracksn®8si86n whithsuhdigate! 8iabtie reanionieyely8togLitidiar fiorimci BB ffective

barrier to molten 9?3’%&@&%5‘%%@% Ol SRS AIHS!E ROnpRich showR g d5a5taN tayer 86 more

clearly, is shown in FIG. 8B. Example AF
453, and sub-layer 483b being compositionally intermediate. This construction
further reduces the strain on the article due to thermal expansion caused by heat
(represented by arrow 402). The difference in thermal expansion between each
adjacent layer, which is represented by gap 4c, is smaller than either of gaps 4a or
4b, which indicated lower thermal expansion differences, and thus lower stresses
on the interfaces between the layers.
[0055] It may be understood that the more sub-layers included in the transitional
layer, the lower the interfacial stresses due to mismatches of coefficients of thermal
expansion. The number of sub-layers in the transitional layer need not be limited,
but may be chosen according to the desired properties of the article and the time
and expense involved in producing the article.
[0056] The article may also include a transition layer that is not divided into sub-
layers, but which includes a continuously graded composition. For example, the
transition layer may be compositionally most similar to the TBC/EBC at the
TBC/EBC-transitional layer interface, and most similar to the CMAS-resistant
layer at the CMAS-resistant layer-transitional layer interface, with a composition
that continuously transitions from the TBC/EBC composition to the CMAS-
resistant layer composition along the depth of the transitional layer.
[0057] As shown in FIG. 5§, the CMAS-resistant layer 55 may also replace the TBC
or EBC in some embodiments. Replacing the TBC or EBC with a CMAS-resistant
layer 55 may allow better matching of the propertics of the substrate 52 and the
CMAS-resistant layer 55 than substrate 52 and a TBC or EBC (e.g., the coefficient
of thermal expansion). The CMAS-resistant layer 55 may provide one or more of

the above-described benefits, including, for example, CMAS resistance, coefficient
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[0066] FIG. 9 shows an ytterbium silicate (Yb2Si05 or Yb201-Si02) layer 92 contacting CMAS layers
94, 95 on both surfaces of the layer 92 after exposure to a temperature of 1450C for 4 hours. Reaction
layers 96, 97 have formed on both surfaces of the ytterbium silicate layer 92. Example 5 [0067] FIG.

10 shows an agfigle L@ ngluding a CMC substrate 101, a silicon bond CO%%‘B%?&(%P substrate
101, and an ytterbium silicate (Yb2Si207 or Yb203- 2,8i02) layer 102 applied to the bond coat 103.

The article was exposed tq one hundred 1 hour thermal cycles at 1300C (2372F) and 90 % water
vapor in oxygen, v&ﬁ? TR ERAIE R SHE SIS Dok pulhitnssdaioniding \gastiamitle engine. After
the thermal cyclingptidecytté@sbiunilsilicate tayethrenmainsntethl adihe@red to the CMC substrate 101, and

the substrate 101 S ' . Various.embodiments of the invention have
been described. T es‘gﬁaﬁg §€ﬁg§g§1§€%%?%%tg%aré§/%§1|ﬁs%ﬁtgn§§%}/§é ?ogf %Rgﬁfﬁo({%vﬁﬁanc aims.
WIGSLLP WHAT T3tCLAMED 1S FlRnSapichs EdpYisingienCrAaS-teristbntbalied comprising a rare

earth oxide and algiing, WhRISIBIRRCMAS esiptantdaveris.esanyialyirer gfziroenia and hafnia.

one rarc earth oxide. Useful rare earth oxides include oxides of rare earth
clements, including, for example, Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu, and combinations thereof. In some embodiments, the CMAS-
resistant layer 55 may be essentially free of zirconia and hafnia. That is, in these
embodiments, the coating includes at most trace amounts of zirconia and hafnia,
such as, for example, the amounts present in commercially-available rare earth
oxides.

[0059] When CMAS-resistant layer 55 replaces the TBC or EBC, the CMAS-
resistant layer 55 may also include alumina, silica, or a mixture of alumina and
silica.

[0060] In some embodiments, the CMAS-resistant layer 55 may optionally include
up to about 50 mol. % additive components, such as, for example, Ta,Os, HfSiOy,
alkali oxides, alkali earth oxide, or mixtures thereof. The additive components
may be added to the CMAS-resistant layer 55 to modify one or more desired
properties. For example, the additive components may increase or decrease the
reaction rate of the CMAS-resistant layer 55 with CMAS, may modify the
viscosity of the reaction product from the reaction of CMAS and the CMAS-
resistant layer 55, may increase adhesion of the CMAS-resistant layer 55 to the
bond coat 51 or substrate 52, may increase or decrease the chemical stability of the
CMAS-resistant layer 55, or the like.

[0061] In some preferred embodiments, the CMAS-resistant layer 55 may include
about 10 mol. % to about 90 mol. % of at least one rare earth oxide and about 10
mol. % to about 90 mol. % of at least one of alumina, silica, and combinations
thereof, and optionally, about 0.1 mol. % to about 50 mol. % of the additive
components. In other preferred embodiments, the CMAS-resistant layer 15 may
include about 20 mol. % to about 80 mol. % of at least one rare earth oxide and

about 20 mol. % to about 80 mol. % of at least one of alumina, silica, and
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The article of claim 1, wherein the CMAS-resistant layer further comprises silica. 3. The article of
claim 1 or 2, wherein the CMAS-resistant layer comprises 10 mot. 10% to 90 mol. % of the rare earth
oxide, and 10 mol. A to 90 mol. % of alumina, silica or a combination thereof, with a total of 100 mol.%.

4. The article Qf 51ai50,¢ herein the CMAS-resistant layer further compri 9)0 ?{% {0 50 mol. %
of an additive component selected from Ta205, HfSiO4, alkali 150xides, :ﬁg{?%%% o?qdzes, and

combinations thereof, with a total of 100 mol. %.. 5,The articl% of claim 1 or 2, (\)/vherein the
CMAS-resistant |258F EBHIBAS LS5 A1 0959888 otioh BPkive fa AR AR BRI 25¢120 mol. A to 80
mol. % of at least ahttptahmpinansilicdlandcosmbingtions thaseof, with a total of 100 mol. %. 20

[0062] The CMAS-resistant layer may be applied to the bond coat 51 or substrate
52 using any useful technique, including, for example, electron beam physical

vapor deposition, plasma spraying, chemical vapor deposition, and the like.

EXAMPLES

Example 1

[0063] FIGS. 6A and 6B show two cross-sectional photographs of an article 60
including an ytterbium silicate (Yb,Si1;07 or Yb,03-2Si0,) layer 62 adjacent a
CMAS layer 64. The article 60 has been exposed to a temperature of 1250°C for 4
hours prior to the photograph. The CMAS and ytterbia silicate have reacted at the
interface to form a thin (about 5 pm thick) reaction layer 66. A portion 68 of the

article 60, which shows the reaction layer 66 more clearly, is shown in FIG. 6B.

Example 2

[0064] FiGS. 7A and 7B show two cross-sectional photographs of an article 70
including an ytterbium silicate (Yb,Si,07 or Yb,03-2S810,) layer 72 adjacent a
CMAS layer 74. The article 70 has been exposed to a temperature of 1350°C for 4
hours prior to the photograph. The CMAS and ytterbium silicate have reacted at
the interface to form a reaction layer 76. A portion 78 of the article 70 is shown in
FIG. 7B.

Example 3

[0065] FIGS. 8A and 8B show two cross-sectional photographs of an article 80
after exposure to a temperature of 1350°C for 4 hours. The article includes a layer
82 of a second type of ytterbium silicate (Yb,SiOs or Yb,03-Si0,) adjacent a
CMAS layer 84. The CMAS and ytterbia silicate have again reacted at the
interface and formed a reaction layer 86 that is about 10 pum thick. Additionally,
FIG. 8A shows cracks 88, 89 in the ytterbium silicate layer 82. CMAS has not
infiltrated the cracks 88, 89, which indicate that the reaction layer 86 quickly

16



6.The article of claim 5, wherein the CMAS-resistant layer further comprises 1 mol. A to 30 mot % of
an additive component selected from Ta205, HfSiO4, alkali oxides, alkali earth oxides, and
combinations thereof, with a total of 100 mot. %.. 25.The article of any of claims 1 to 6, wherein the
rare earth OXi%d',SzE@',ﬁ&l from the group _consisting of _oxides of spandiughyg%grg]mgagtpanum,
cerium, praseodymium, MCS1.15 neodymium, promethium, samarium, europium, gat?oﬁnlum,
terbium, dysprosium, holmium, erbium, thulium, ytterbium, lutetium, and combinations thereof. 8. The

article of claim 1, WHBRSiARECINA Braeideamel P ve ek tion oS shtsmimistet8raviieh) and 1.524

mm thick. shows the reaction layer 86 more clearly, is shown in FIG. 8B.

Example 4

[0066] FIG. 9 shows an ytterbium silicate (Yb,SiOs or Yb,03-Si0,) layer 92
contacting CMAS layers 94, 95 on both surfaces of the layer 92 after exposure to a
temperature of 1450°C for 4 hours. Reaction layers 96, 97 have formed on both

surfaces of the ytterbium silicate layer 92,

Example 5

[0067] FIG. 10 shows an article 100 including a CMC substrate 101, a silicon bond
coat 103 applied to substrate 101, and an ytterbium silicate (Yb,Si,O7 or Yb,0s-
2510,) layer 102 applied to the bond coat 103. The article was exposed to one
hundred 1 hour thermal cycles at 1300°C (2372°F) and 90 % water vapor in
oxygen, which mimics the conditions of a combustion section of a gas turbine
engine. After the thermal cycling, the ytterbium silicate layer remains well-
adhered to the CMC substrate 101, and the substrate 101 shows no evidence of

damage.

[0068] Various embodiments of the invention have been described. These and

other embodiments are within the scope of the following claims.

17



9. The article of claim 8, wherein the CMAS-resistant layer is between 0.0127 millimeters (mm) and
0.381 mm thick. 1010.The article of any of claims 1. to 9, wherein the coating further comprises a
second layer comprising at least one of: a MCrAlY alloy, wherein M is selected from Ni, Co, and NiCo;
a # -NiAl alloy; a y-Ni +y -NitAl alloy; rare earth oxide-stabilized zirconia, rargygagthpoxide-stabilized
hafnia, mullite, silicon, barium strontium aluminosilicate, calcium aluminosilicate, cordierite, lithium
aluminosilicate, a rare earth 15silicate, and combinations thereof, wherein the CMAS-resistant layer is
adjacent.t.he sg}?%dﬂzi\é(%LAﬁ\;ﬁ?ﬁsgrticle of claim 10, further comprising a .transitional !ayer, Wherein
the transitional layer iS adjacent the sécond layer and wherein the CMAS-resistant layer is 70adjacent
the transitional layer. 12. The article of any of claims 1 to 11, further comprising a substrate. 13.

The article of claim 12, wherein the substrate comprises a ceramicmatrix
1. An article comprising a CMAS-resistant layer comprising a rare earth oxide and

alumina, wherein the CMAS-resistant layer is essentially free of zirconia and hafhia.

5
2. The article of claim 1, wherein the CMAS-resistant layer further comprises
silica.
3. The article of claim 1 or 2, wherein the CMAS-resistant layer comprises 10 mol.

10 % to 90 mol. % of the rare earth oxide, and 10 mol. % to 90 mol. % of alumina, silica or

a combination thereof, with a total of 100 mol.%.

4, The article of claim 3, wherein the CMAS-resistant layer further comprises 0.1
mol. % to 50 mol. % of an additive component selected from Ta,Os, HfSi0y, alkali

15  oxides, alkali earth oxides, and combinations thereof, with a total of 100 mol. %..

5. The article of claim 1 or 2, wherein the CMAS-resistant layer comprises 20 mol.
% to 80 mol. % of the rare earth oxide and 20 mol. % to 80 mol. % of at least one of
alumina, silica and combinations thereof, with a total of 100 mol. %.

20
6. The article of claim 5, wherein the CMAS-resistant layer further comprises 1
mol. % to 30 mol. % of an additive component selected from Ta,Os, HfSiOy4, alkali

oxides, alkali earth oxides, and combinations thereof, with a total of 100 mol. %..

25 7. The article of any of claims 1 to 6, wherein the rare earth oxide is selected from

the group consisting of oxides of scandium, yttrium, lanthanum, cerium, praseodymium,
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25composite or a ceramic. MCSLLP 14.The article of claim 10, wherein the second layer is adjacent
the substrate, and wherein the CMAS-resistant layer is adjacent the second layer.

10

15

20

25

MCSLLP

neodymium, promethium, samarium, europium, gadolinium, terbium, dysprosium,

holmium, erbium, thulium, ytterbium, lutetium, and combinations thereof.

8. The article of claim 1, wherein the CMAS-resistant layer is between 0.00254

millimeters (mm) and 1.524 mm thick.

9. The article of claim 8, wherein the CMAS-resistant layer is between 0.0127

millimeters (mm) and 0.381 mm thick.

10.  The article of any of claims 1 to 9, wherein the coating further comprises a
second layer comprising at least one of: a MCrAlY alloy, wherein M is selected from Ni,
Co, and NiCo; a g -NiAl alloy; a y -Ni + » ’-Ni3Al alloy; rare earth oxide-stabilized
zirconia, rare earth oxide-stabilized hafnia, mullite, silicon, barium strontium
aluminosilicate, calcium aluminosilicate, cordierite, lithium aluminosilicate, a rare earth
silicate, and combinations thereof, wherein the CMAS-resistant layer is adjacent the

second layer.

11. The article of claim 10, further comprising a transitional layer, wherein the

transitional layer is adjacent the second layer and wherein the CMAS-resistant layer is

adjacent the transitional layer.

12. The article of any of claims 1 to 11, further comprising a substrate.

13, The article of claim 12, wherein the substrate comprises a ceramic matrix

composite or a ceramic.
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MCSLLP

14. The article of claim 10, wherein the second layer is adjacent the substrate, and

wherein the CMAS-resistant layer is adjacent the second layer.

20



