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FI ELD OF THE | NVENTION This invention relates to protective co*t4’ nJml 100t
conponents exposed to high tenperatures, such as the hostile therma

envi ronnent of a gas turbine engine. More particularly, this invention is
directed to a nethod of stabilizing the mcrostructure of a thernal
barrier coating (TBC) with alumna precipitates in order to. inhibit
degradati on of the THERMALLYSTABILIZEDTHERMALSARRIBRMEORBINGUr i ng hi gh
tenperature excursions. BACKGROUND OF THE | NVENTI ON Hi gher operating
tenperaturezﬁlﬁzgg(%@?#wiwi nes are continuously sought in order to
I ncrease thel . ver, as operating tenperatures increase, the
hi gh tenperature-durability of the conponents within the hot gas path 'of
t he engi ne Thistineatibe Sehrsi mgIpyotédniveeaﬁﬁngssmnbéﬂmcaﬂhtsaéhmwelso iHighht gp
tenperature capabilitie ave heen achieved thrqugh the formnulation o

i ckel and dSERFAUESSHER gy dr%&%ﬂemﬁgﬂmrﬁwgga 2,98 Hirbae gngipe. 1 Mops
conponent s GfartiddBarly|{hi i Pentiof IOEsdcRId 18 @dnmia%ﬂizjr%letﬁé R&stiictie GRS

t ur bi ne engine, such al l oys alone are often susceptible to damage by

oxi dat i on -arfd thfsmak bawriss  Goating ((ABR) awidh Alyminstprecipitates ind orlest o . bibibini cal

properti es. | . . _“;.th y a
t hermal bar rdueg‘?a‘é%@t‘.’erfg@ﬂ%%%)'hgﬁﬁéﬁgg%%c%s%@ﬁfﬁci%ﬁg3@‘31"?‘% ude an
envi r onment &XPYrsippst ecti ve bond coat and a thermal -insul ating ceram c
topcoat, typically referred to as the TBC. Bond coat materials w dely used
in TBC syst &k aROIAED Of AL INVENGSORt ant overlay coatings such as MorAl X
(where Mis iron, cobalt and/or nickel, and X is yttriumor another rare
earth elenent), and oxidation-resistant diffusjion coatings such as
di ff usi on alt{iBRei PPEEting AeMPpGALES Hoh EaTTHbAT eAgiasT atetantipuousiyesoyghicin
nmaterials aRfdPds ircrdabd et & . LR7 Lelati ﬁmﬁkf ' re
wi dely wused as TBC materi aﬁf_gagre%,agg%w%@r’? %g?lﬁﬂaﬁ% eﬁpag%a?ﬁ%%gggbi lity,
| ow t her nal highdgmperatuge dyrabiliftiof the senpeneatsswithin thedd gas path off phepénginen
spraying, f ' L+ 1 V : ni ques.
Spray em_g{med oGt tﬁ%gdﬁ?:gyh@ggas&@@,ﬁedm YBRREes 47 BRI i Platfe Ratliftidh

ave been achieved through the formulation of nickel and cobalt-base superalloys.

Nonetheless, when used to form components of the tufbine, combustor and augmentor
sections of a gas turbine engine, such alloys alone are often susceptible to damage by
oxidation and hot corrosion attack and may not retain adequate mechanical properties.
For this reason, these components are often protected by a thermal barrier coating
(TBC) system. TBC systems typically include an environmentally-protective bond
coat and a thermal-insulating ceramic topcoat, typically referred to as the TBC. Bond
coat materials widely used.in TBC systems include oxidation-resistant overlay -
coatings such as MCrAlX (where M is iron, cobalt and/or nickel, and X ié yttrium or
another rare earth element), and oxidation-resistant diffusion coatings such as

diffusion aluminides that contain aluminum intermetallics.

Ceramic materials and particuiarly binary yttria-stabilized zirconia (Y. SZ) are widely
used as TBC materials because of their high temperature capability, low thermal
conductivity, and relative ease of deposition by plasma spraying, flame spraying and
physical .vapor deposition (PVD) techniques. TBC’s employed in the highest

temperature regions of gas turbine engines are often deposited by electron beam
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tenperature regions of gas turbine engines are often deposited by el ectron
beam 1 physical vapor deposition (EBPVD), which yields a columar,
strain-tolerant grain structure that is able to expand and contract

Wi t hout causing damagi ng stresses that |lead to spallation. Sinilar

col umar mcrostructures can be produced using other atom c and nol ecul ar

vapor processes, such as sputterihg (e.g., high and | ow pressure, standard
or col | i mat ephysicalregpor |d9ppspimusﬁrﬁPdéDowlmlbyleldamcb0@mnafrmtm tmﬂemmgramg and
evapor ation S] e f ser etc.).
I n contrast, QRPC uées?%’ﬁl?spr ay fongx % ?gﬁ'gga%gh'%c}ﬁgéswg‘ ’?g d?"i ayl g ( APS)

deposi t TBC hsadleas ispdllatiom tsmmlinommﬁarrmicmnu tankam be ;rredaubd |u§rgg|dthea TBC
characterized by a .degre i nhonogenei ty and oros t reduces heat
ranet er ' t i I SHIEIar Ao AR E,Sogh AP GirRdr gy heepd K DESPHS oughout
the pl anned &thddardMecéinbted PRmMEOBRGIRNa ddposition, enl 2l fofmd 6f meRinbtagat t hat
the TBC naintains a |ow thermal  conductivity throughout the life of the

conponent . I—E)‘(ﬁEQTéFon flepositing pragesses (rgiucathadia dredassr molimgagicdr ilacenteaseh as
YSZ have be {eehdl 588G ir ?18 %eraﬁ??% ?AP%)%?{)]AI(FPBWM bj ect ed

to the opera |ng nV|ronnen of a gas 'S 1 ncrease has
been associ ainethe forn of ouelteantsplptsst reshlting lnceoﬂ‘B&‘- dmmnznd dyox degree of e

t hrough graiy conpensate for
this phenorreﬁgﬁmgleg%wa@ﬁ%&gwgr%hgéesmggt%gé%%“&f n?ﬁ%’gﬂgr e often
deposited- to a greater thickness than would otherw se be necessary.

Al ternativellp, Ordﬁmf@rma‘lﬂcyt%maem etfsotinenthmugheutcthe plansed dife cueld ofdhel| es

must be des'@gﬁ;‘p@n&{? #1946 {3 gthﬁ;g @g&luln?gtp&' Y- e Qp?r[tm}.@eas? Ghifdapns are

undesi rabl e reaso cos conponen e an engi ne
ef fi.ci ency. donduatizity ofhmdghombdwe lifet of:athe b@nm@pemm aHeWevdn,atthé uheérmi

| nprovement Sctolﬁgucl;@@ es bETRB, z%ig){als such SYl#ZahaVC bedi ob %Ieﬁg’g‘? s&éﬂﬁ_’?ﬁ g

enpl oyed to | nsul’s nte
engi ne desi gmsnorBRhEF uSidIW/BBi{sﬂ}ech:dEtd WEﬁ;EEMﬂNgTdmlrmﬁeﬂr&f a gasemtblﬂm

eneral | rovi des t.her mal rrier TBC) .f or n
|gnt endedyf gr Viffge Tlﬁ dnﬂgassflqag% I |at°’88ﬁ ﬂl%ff(??f‘g%@nq ﬂgageu ‘l[’uéf%eq ur bi ne,
conbust or anflicasgaaire Othraughpgrintasd Qora gastht aitid) i giin etngm&@y G&p.s ™f this

compensate for this phenomenon, TBC’s for gas turbine engine components are often

deposited to a greater thickness than would otherwise be necessary. Alternatively,
intemnally cooled components such as-blades and nozzles must be designed to have
higher cooling flow. Both of these solutions are undesirable for reasons relating to

cost, component life and engine efficiency.

In view of the above, it can be appreciated that further improvements in TBC
‘technology are desirable, particularly as TBC’s are employed to thermally insulate

components intended for more demanding engine designs.
BRIEF SUMMARY OF THE INVENTION

- The present invention generally provides a thermal barrier coating (TBC) for a
component intended for use in a hostile environment, such as the superalloy turbine,
combustor and augmentor components of a gas turbine engine. TBC’s of this

_ invention have microstructures that are less susceptible to grain sintering and pore



I nvention have mcrostructures that are | ess susceptible to grain sintering
and.pore 2 coarsening during high tenperature excursions, all of which ’
| ead to densification of the TBC. |nprovenents obtained by this invention
can be realized with TBC's deposited to have a columar grain structure,
such as-those deposited by EBPVD and other PVD techni ques, as well as.
noncol utmar TBC s that are i nhonbgeneous and porous as a result of being

deposi t ed by cpdrsening dpingyhigletemyierpire exausibnsa all af whidhalsadito demsiicatiop ¢fAPS) .
Typi cal YSZ gou mat eri al s avai l abl.e for.use.in deposit.ion 0Lesses
of ten cont ai ﬁ’e t&?e { ﬂvﬂ’."’ff‘t‘?rﬁﬁ ! rbé’e{ws giventian, ¢4t eeg‘:’atl’%ffcﬁ‘e@sfﬁgisdes of -
silicon, tit depodited fo'taRe a colufileed graimGikiubiiire, biichhds Whose degaRitéd by EBE¥IDe&” and
pot assium Ac ordivil)g ‘. to the invention, severgl of th,eﬁe inmpurities -
(parti cul ar | §thsr PVDatechniquesaisewell as approlimanas Th(ss that gfq whemogengousgide
percent can PBgroadhd i pdsBRof blnf EFBsAEPEPPRNRa BREY BRIhNiEdR, SR a8 laftPlasma
transition tenperatures or phase/surface nodifications that pronote surface
di ffusion. mexes(Msirabl e phase types decorate nearly all of the grain
boundaries and the splat boundaries (for plasma-sprayed TBC) or colum
boundari es. (ﬁ‘%iczﬁ“’i%ir Rlorchatriall Blailable OHER ihEpbsition H68RsR AR chitRmS are
believed-to sufficiently wet the boundaries to allow or pronote grain

si nteri ng anthorothen &l myleapraigant of impuritiesdsuch @s joxidek of silicen; titariam, fread t o
densificati o 4.Qf TR 1 h I f ' } S, angl ease b the

t hermal con dﬂig]t(?i/ is{)@ﬁrgf B&lgﬁ"f%&ﬁﬂ%e é’ﬁ C %\’;ges? r%lg%@%#%/ el éb‘f%g&@%?%s g@r ce

mat eri al s timveition severml ofithesalimmirities Gartomlaglyfsilica) imaggmegatBdauts dfeas

prohi bitivel y,.eXx ive. As solutign, the inyent|i A | .amounts
b *al i na. pruB R BeRinGe peited BEbY i ienl Tl ¥EPRLAR AR B st ¢ ne
gr ai n boundatrarsitionfterhperatiie€ ot phayefstudace modificatibnethat proioteantfhcudiffindiyn.t he

oxi de-inpurities noted.above, As.used hereip, .;,he .term/)'getter. includes
Var | ous TechBISEE HRESTALIAPEATE e ae<Pite pRaY =flot s it BRgadEtendiye eie
presence of bouaddridsi (@ plasniespriydi 7TBO) 6N edlamadjovadaris (feeaBVDMBC) o2 ad.
Exanpl es of tteri chani sis i ncl ud a) .the farmatio f ] .
e cont B A5 stetletds Aretephass bt e Lol S e dstosndass; o)

al um na tit apallew ¢lptoliott &8ih sSAREARY and"doaf3enilt @Rd/of Bt fdcb Miffidforf KRk on of

solid solutigns with varjous conpounds i ncludi ng FeO, Fe2d3, etc. As a
result of belgﬁgl%gbflﬂmf@aﬁlwﬂo fheotBG, theisad gesyit g which is an increase in the

thermal conductivity of the TBC. Reducing impurity levels in YSZ source materials

to eliminate this densification effect in the TBC can be prohibitively expensive.

As a solution, the invention employs small amounts of alumina precipitates
(crystalline structures) dispersed throughout the grain boundaries of the TBC to getter
impurities, and particularly the .oxi'de impurities noted above. As used herein, the
term “gett'er” includes various mechanisms by which sintering that would be enhanced
by the presence of impurities is neutralized (negated) or at least minimized. Examples
of gettering mechanisms include (a) the formation of alumina-containing crystalline
compounds such as mullite (3A1,0;°2S810,), alumina titanate (Al;03°TiO,) and/or
ALO3*MnO,, and (b) the formation of solid solutions with various compounds,
including FeO, Fe;03, etc. As a result of being insoluble in zirconia, these alumina-
based reaction products form precipitates that can advantageously reduce grain
. boundary mobility of the YSZ TBC. As such, the alumina precipitates inhibit
densification and the associated increase in thermal conductivity caused by grain
3



based reaction products form precipitates that can advantageously reduce
grain boundary nobility of the YSZ TBC. As such, the alum na precipitates
inhibit densification and the associated increase in thermal -conductivity
caused by grain 3 sintering and coarsening and/or surface diffusion
kinetics that are pronoted by the presence of inpurities. Another benefit
is that, if the alum na precipitates are sufficiently fine, such as on the
order of aboyieRinkandWBaRBing BRVSY K§TuRk uﬁhﬁﬁon%ﬁet?ebltﬁmta?e wnibt&hgy el N,
pore and/ or feathery substructure boundaries with I oi ng soO,
t he tendency Presenceifciepuwigies.t hangtherr benefitids thas i ﬂl@hdumm@ precipitates are
coarsen and er

por es. coal esSanehBEERE ol &Unhe b driob oSl HeTrRip WS IEHR AT
exposures, s pmhhagratne ppeer @i (or deatheny whsee@uredabuhdaﬁi%@iﬂlmhd TBC. Hinndoirige hot

th of bi ' A di t. t
O ot ivery | B R Gty Be ke e pfeCRRE Tl orle 7B BheEl songraRC 1 10
el i m.nate undsdrgapirerddisaibution (aefﬁsatnaemymérﬁsrﬁwghpﬁmd @4RksEe dTRMsélfto t he

additional benefit of f rther %abl lizing the YSZ grain structures against
coar seni ng al®™ ]B‘@F'é\ﬂﬂ“és dynagh d@“ﬂ‘?r‘?tf’{?s‘?"@ﬂs“r?nﬂl 28 tERSERIWGS 1Y X863 on.

Accor di ngl'y, of T000RT Rtindiviiirfthe Kol das Bbth oF Tghi GRS et of fine al unina
precipitates within a TBC mcrostructure, the TBC can be subsequently

heated to te tures i.n excess of 1200C.wi.t hout den |f| cation-.and an .
associ at ed i‘gg?"é‘ig%tq ﬁi‘et"mﬂ‘m ncomeratingyelativelnlow levels of glpminaguerdpitattss can

be designed &pvesitdidansy or-@ﬁlﬁdwﬁﬁesumﬁﬁpmkﬂ&?@%ﬂe hipner ]evélﬁ)ﬁllo'vﬂﬂ air
flow rates, which reduces f;érocess ng and material:- costs and pronotes

conponent | ithe additionalyiberefiss pf dnethery stabilining e XSZs =win Srwhmesa@eaingf t hi s

invention W ¢dardeginbg e
descri ption. érRI %EED%%%%?}M%&% aliﬁfuglm%& %ﬁm ﬂﬂ?ﬁ n&afogl fdglé@glﬁeétl ve

view of a h|’@hprswém@qlhb%lsn@cmamoumog@ne almmjina pregipisates wﬁbmwom Vi ew
f the bl ad
Y e a emR:t'osFr{l&lee tl’ﬂe '?h@n&n f)fpgu t]%@l@ﬁ%@?ﬁet@}ferétﬁ%ggg :fer t .hl s

coating systemon the’ in accor
i nvention. F2§07@ withput Cb;n@ﬁgas@ngeétan @mblatndenmgdsemtﬂqanam:londlmnmtxerAsoat| ng

systemin aC&%Elﬂe WStiponents can be designed for thinner TBC and/or, where applicable, lower

cooling air flow rates, which reduces processing and material costs and promotes

component life and engine efficiency.

Other objects and advantages of this invention will be better appreciated from the

following detailed description.
BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a perspective view of a high pressure turbine blade.

Figure 2 is a cross-sectional view of the blade of Figure 1 along line 2--2, and shows a
thermal barrier coating system on the blade in accordance with a first embodiment of

this invention.

Figure 3 is a cross-sectional view of a thermal barrier coating system in accordance

with a second embodiment of this invention.



with a second enbodinent of this invention. 4 Figure 4 is a detailed
representation of a columar grain of the thermal barrier coating of
Figure 2. DETAI LED DESCRI PTI ON OF THE | NVENTI ON The present invention is
general |y applicable to conponents subjected to high tenperatures, and
particularly to conponents such as the high and | ow pressure turbine
nozzl es and bl ades, shrouds, conbustor |iners and augnentor hardware of gas

turbine engi Rfiswe 45k LIl FepPseRtatidDbY AR Graint'6fth® theRhAVarrid chatinghown i n
Figure 1. The blade 10 generally includes anairfoil 12 against which hot

conbustion gefEguerZ directed during operation of the gas turbine engine,
and whose surface is therefore subjected to hot conbustion gases as well

as attack by@?ﬁﬁﬁb%s@ﬂ%ﬁ%?ﬁﬂm%&%ﬁlﬁ@ﬂ- The airfoil 12 is protected

fromits hostile operating environnment by a thermal barrier coating (TBC
system schematically depicted in Figure 2. The airfoil 12 is anchored to a
tur bi ne di sk Thadreseplodryention is gerrsalbt applicablet gy pampansnty subioeted stochighn 16 of

t he bl ade 10 enf&%l Nach ttﬁ@h?éhr' L5 how SP,;Ingh
whi ch bl eed fau |sdr?%ra2‘g§.to tr. ng)?g(?nﬁ{engﬁﬁfrgmtshe bl"ade 19 %ﬁ% e the
advant ages ofurbinbinezzies\aad blades, shrbtidsheomlastor ilinerd and augmentarhardoare of gase hi gh
pressure turpine bl ade 10 sho LR. i gure he, t | A Q | S

vent] on ar Brgs ety A synpiens s el bbbl Sp 36 ol el
barri er coat Thgblady 10genesadly ihdudas ah airfoil ragabispwhiehthot éanthusdorhgagbs are

tenperature environnent. The TBC system.20 is represented.in.Fjgure 2 as
el ng. o SRR IR SRGTRGR 0T S0 Bty HFDI, ehefne, &b ROE, FFHEE IO EE os 1y at o
22, the | attaibjeteddi Bdt ¢ombugionC gisey ag vidlipaY altdckyby aRidafidi dafresionmhnari al of

the blade 10. As is_typical _wth TBC systens, fqQr conponents of gas turbine
engi nes, the®BYAR c gE"ﬁﬁli]sz SnPrategisf r‘?sc]PPSE%n‘EWg%’L“SO‘W,""gUBWt an

overlay coatihendtbaiier Mért:ﬁgk(TBC) Sted] schedhiidall§ depicte® &t FidGre3l Chhedirfdil .
di ffusion alumnide or a diffusion platinumalum nide of a type known in

the art. Al ubd Huschered fo BoEbinodisk (et shawe) Mithe dpxctailold Emmsd o hiretoxi de
(alum na) scglgor’$s oAk Glnild%/q 8 oS PakssaDes qli@tai:'é}ﬂeél&lt inhRe BpR6l 190Btough- - The

S
alum na scale 28 chenica onds a thermal -insulating ceramc |ayer, or
TBC 26, to tYhkichbleed aigat fopopdda dransierdheptifrem she blade 10. While the advantages of

this invention will be described with reference to the high pressure turbine blade 10
shown in Figure 1, the teachings of this invention are generally applicable to any
component on which a thermal barrier coating may be used to protect the component

from a high temperature environment.

The TBC system 20 is represented in Figure 2 as including a metallic bond coat 24
that overlies the surface of a substrate 22, the latter of which is typically a superalloy
and the base material of the blade 10. As is typical with TBC systems for components
of gas turbine engines, the bond coat 24 is an aluminum-rich composition, such as an
overlay coating of an MCrAIX alloy or a diffusion coating such as a diffusion
aluminide or a diffusion platinum aluminide of a type known in the art. A]uminum-
rich bond coats of this type develop an aluminum oxide (alumina) scale 28, which is
grown by oxidation of the bond coat 24.  The alumina scale 28 chemically bonds a
thermal-insulating ceramic layer, or TBC 26, to the bond coat 24 and substrate 22.
The TBC 26 of Figure 2 is represented as having a strain-tolerant microstructure of

columnar grains 30, one of which is represented in greater detail in Figure 4. As
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The TBC 26 of Figure 2 is represented as having a strain-tol erant

m crostructure of columar grains 30, one of which is represented in
greater detail in Figure 4. As 5 known in the art, such col umar _
m crostructures can be achieved by depositing the TBC 26 using a physical
vapor deposition technique, such as EBPVD. A preferred material for the
TBC 26 is an yttria-stabilized zirconia (YSZ), a preferred conposition

bei ng about fndsfn gfpﬁwarmuwwmng%mzmamg cih bé Beiglad O hizpositigathiec
material s cou e used, such as zirconia fully stabilized by ygcgr“ a,
nonst abi | i zedBg 26:D$m&a P@ib’sleﬁl rvemrl@PO%MPft teghniqueg puch, as| KB s}{%bl“‘l PZ

rragne5| a, ceri an( BC 26
i s deposi t ed™® gehgffoﬁ '%@26?% e)&tlng)%au ?c?#éénb?kate(gsm’ |ré1§ﬁ\%u gom}ﬁgﬁlg?;r ed

t her mal pr ot Beih @lﬂolﬁartotab@atdﬂdmg}ylpa@emmmrtabm eregrapliometenigls cgelder al | y

on the order of abo t 75 ta 00 [ C e

fol | owi ng .di be fsed: Biehyas e ﬁ@ﬁoshabg‘ ‘%ﬁs’i?% S %XH %,gomd ‘gs}hég’fﬁﬁﬁﬁgn
Figures 2 angmﬁal lae falny sabilieed b mugaasmaiene,vsﬂndm ob@t}mppbudealsblablean

noncol umar eposi ted by such ﬁthhOds gl%seg ﬁ’g gﬁ %{_‘I?% Hldl ng air
pl asma spr aypgpnisaPEhe THie 2prig Agrastt fo# dhigkness, At HEErve

represent ed %é& virkd ?:%ﬁal %rotééimﬁmme Bﬂ&rl;/ﬁfg%ubﬁxfaﬁimﬂ blaaet10] genditigl onn
Figure 2 to 1denti col utmar TBC on a substrate 22 and bond coat
24 are now uﬁ@d)r@fmfm%yo@o“‘smﬁm’&fomtrate 22 and bond coat 24 on

whi ch a noncol ummar TBC 26 was deposited by plasma spraying. In the plasm

sprayi ng pr o9 mlapomefouaw Sdistrash el fodustdhecolinian THC oflthe Bype
"splats,” resulting int eplasna sprayed TBC, 26 of FgureS aV|n a .
mi crost ruct ushovahan digwey Zeandyh, the dBYAngpn fip aﬁk’toeh%llf"@‘* €d%egr ee
of ~inhonoge ﬁmﬁ é&htﬁi&hS&A 4 DlabMe sprdying! MRINGRGE aRur ce
mat er | al useg&t&) eposit t S?I%%'%} 26 of Fi args S%ragﬂlgh 4 may contain
nore than 0. plasmé @pllaEmge(mPSbf Thepuicrastraeiure cthlsa&’l’e GQTEQS‘SGFWF?"P im

silicon, SOdhgymre 5r§’e g%hcﬁl@lsamel RE-THIT, R rﬁ;ﬂ%@usoﬁﬁﬂ%@ﬁé% #fHenRSt M3SI UM

and pot'entia oxi cal crum nmagnesi um and others. Aggregate anounts
of as |ittl ecalsmfarUPBERCcopersibsirato?2 and H)Oﬂdn%?tl M us T@a’nu tg identify ant to
form precipi.t that b&&kqof the
TBC i crost r 08¢ a{ﬁ %Ubspaate 29%@?){;%{5(%0%%%?/‘"@ ES&% arl es ; ? sprayed

TBO) or col ubyplhsuasanyieg. [f the plasma spraying process, TBC material is nﬁ,posﬁed in the
| form of molten “splats,” resulting in the plasma-sprayed TBC 26 of Figure 3 having a .

microstructure characterized by irregular flattened grains 30 and a degree of

inhomogeneity and porosity.

As is typical in the art, the YSZ source material used to deposit the TBC’s 26 of
Figures 2 through 4 may contain more than 0.1 mole percent of impurities, such as
oxides of titanium, silicon, sodium, iron, nickel, lithium, copper, manganese and
potassium, and potentially oxides of calcium, magnesium and others. Aggregate
amounts of as little as 0.02 mole percent of such impurities can be sufficient to form
precipitates that decorate nearly all of the grain boundaries of the TBC microstructure,
as well as the splat boundaries (for plasma-sprayed TBC) or column boundaries (for
PVD TBC) of the TBC 26. These precipitates are believed to wet the grain
boundaries of the TBC 26, allowing or promoting grain boundary sliding and grain
sintering and coarsening that lead to densification of the TBC 26 and, consequently,
an increase in the thermal conductivity of the TBC 26. To counter this effect, the
6



PVD TBC) of the TBC 26. These precipitates are believed to wet the grain
boundaries of the TBC 26, allow ng or pronoting grain boundary sliding and
grain sintering and coarsening that |lead to densification of the TBC 26
and, consequently, an increase in the thermal conductivity of the TBC 26.
To counter this effect; the 6 / TBC 26 of this invention is deposited to
contain small anounts of alum na which, as a result of being insoluble in

YSZ, do not FBRODG6 ofithid irvesticnis depoafed e c¥Midinialliaolits of hitfiRANhitE) 8%

di screte preci pltat es 34 di spersed t hroughout the grain boundari es. of the
TBC 26, i ncl ravlhgT heipg dusalubleqia Y4, dlotnot aHey pithdhe gzroagdmg&%mm Yty

Figures 3 angy afq%ﬁmgaaeg ith{3€ 34 aﬁsaﬁé&nmu 1H'Hoﬂﬁ«fa?leg61fﬂn tter

t he above-noted oxi de |es erefo |t gral n boun
sliding, gralBCsA6Ginchiding menk:tbaﬂsfeﬁs ngd pqihe?’énﬂrqpmmted insFighees 3tand TBC 26
has a stabiljze LG r al apges that
woul d ot hervx#segfwzrﬁﬁg%c}}e{%téw %‘%’p?‘}c’)% prec i gher(é&%%et?%awceé% uctof‘@%ty As
aresult of hﬂ]ﬁlnples;ceﬁci;ethex’ef})ra\hnmbltt gamTBﬁuﬁdﬁﬁ slidirig, ggrafts sintérimgough 4 are

deposited, the.indivi a| ns 30 of C s 26.are characteri zed by
m crost r uct ufATS“B8fec eﬂﬁ‘r Es‘ﬁ%égwﬁfﬁggﬁ%a d}agﬂﬁgf Byogpipchyre é‘%ﬂﬁ

bet ween the xgﬁ:ats nicReuiteal ERngedQha vebuld othervasileh®to Mﬁﬁeﬁtldhfarﬂhﬁ%]]

i nventi on, Eese def ects and pores 32 are believed to decrease the thernal

conduct i vi t y\PEma FNAIFAIYs 30 of the TBC 26, and therefore the TBC 26 as a
whol e. 'However, grain growh, sintering and pore redistribution

(coal esci ng)AsMatrleslnt bhmeTﬁGc&Sesdw whgthhihg TBERTEY 8f Figlre3XT \irdh 8 arttend to
elimnate the def pores 32. The present invention is able to

inhibit theeBOSH f ‘Er’ﬂ vidual seinh R off then JBG 820 415t gharastenized by

suf fi ci ent | ymiciddGuaifl b&redt &l ponist3di mﬁlnﬁaecg%ﬁs:ﬁ@m aR@b&Wedltheif? t hat
the precipitates 34 anchor andp pin the grain boundaries and pores 32. In.

order to ef fRoupdarissy Aseardinee angthar wpnct of thg dqveation these defeets o mre%3234 nust
be present - dopaidvadRidicreastf thi Mefhll &Haucwitfopﬂ%%&?& 3 6#}99&5 &' y

affecting other desirable properties of the TBC"26. A suita
fraction fortherpfere thec TBG 26 eas Bavhole. hdigwesver] graip Zowth, sintgdng @nd. m e

percent up tgsiabBktiond(cIRk&iMS Wlh thdVTBE 36 RRGLE rhﬁgldteﬁﬂ:@gﬁure excursions

tend to eliminate the defects and pores 32. The present invention is able to inhibit
these microstructural changes if the precipitates 34 are sufficiently fine and located
within the defects and pores 32, such that the precipitétes 34 anchor and pin the grain

boundaries and pores 32.

In order to effectively serve as an impurity getter, the precipitates 34 must be present
“in an amount sufficient for this purpose without adversely affecting other desirable
properties of the TBC 26. A suitable molar fraction for the precipitates 34 is believed
to be at least 0.1 mole percent up to about 3 mole percent, with a preferred range
being about 0.2 to about 1 mole percent. As an impl_m'ty getter, the size of the
precipitates 34 is not believed to be critical, with diameters of about 2 to about 1000
nm being acceptable. However, to effectively pin the grain boundaries the
precipitates 34 must be fine, generally on the order of the size of the pores 32 and
process-inauced defects within the grains 30 and along the grain boundaries. To |
perform this role, a preferred particle size range for the alumina precipitates 34 is

about 2 to 500 nm. The volume fraction necessary to pin the defects and pores 32 will
' 7



bei ng about 0.2 to about | nole percent. As an inpurity getter, the size of
the- precipitates 34 is not believed to be critical, with dianmeters of
about 2 to about 1000 rim being acceptable. However, to. effectively pin
the grain boundaries the precipitates 34 nust be fine, generally on the
order of the size of the pores 32 and process-induced defects within the
grains 30 and along the grain boundaries. To performthis role, a

preferred papitnaly vaky SvithahgCarh ' b ' out 2
to 500 nm The vo?umshzfracti on %&tgz?aeféﬁgto g?ﬁéf%%%%é{g?}s%ngﬁgo?ge{s 32
wi |l 7 nat ubaweveryavglupe fiagtion of rabdeast 84 nbedent issbelievedotr b n8@spnesent i n

the TBC 26. ﬁw;? fraction of at- least 0.1 percent is believed
to ‘be necessgry %ﬁﬁpué-@%ég{eﬁv ' inpurity gettering. Suitable processes for

formng the precipitates 34 will depend in part on the manner in which the
TBC 26 is deg‘a@bl‘eemceb‘ses fefomiing thelpyeqipitatesd4 spH dypeng in part omtheahannerria

powder can b j i S wd sao . that fine alum na precipjtates 34
form withi n‘%@é‘%ﬁ% ’%]%iﬁ X““"’éﬁ ol ﬁ’g?egfﬂgedf*yovlag% FRRAWIng 2 ﬁf"&?ﬁ\é‘g@? | f
deposit ed bypd¥der tan by/mited Wwittea MSZUpoveder,oathit filer Aharhing Prediysiitesida fohgur es 2
and 4, a suitahle technjgue js,to. apor at e, |tiple.ingots, at |east one
of which is'Vi ip s “g‘ﬁ”‘i&gﬁfﬁ?gmﬁgéagg}%ﬂﬁgﬁgf It sepsiad tyr EDria,

al one, m xedyieldtiie OChanRir gPii@ SRRturd ShoWrSHhed PN % hthEle Rechniqiers th YOt .

Al ternati Ve{%‘? a sin l'}ﬁ i_r&got contai ning YSZ and. regions of al'umna or
metal |ic al JYAPRIRE CauRle nghtspdieaskepad whichya fermed o€ ol (Y S% white & sepend her

al ternative jsif§inle@ of ¥RARAR aRnR, NRed SR €87 @P%s&ﬁlas idikc}et@regfo% GRGE 87 2

chem cal vapor_deposition, SC,\/D)_ source of al'um num contai fit ng vapors. Wen
i ntroduced iYR%MeREe Adgmptively, @ntirgle ingphconainioZ YSZ pud. ragians ayf alwiea or t he

al um num conh @ik MRMIARR bsh BEAGEY i,0n] mospher e
wi t hi n t he chanber {no de osli;t - a %r%e?]go%}o?ﬁ?eﬁﬁ%’gg@%?é?g%@% ag{r?o aﬁg? met hod
is to use ans {oofyapaaieasHdié seured material inuhe presdnioo df & chentical saporcdeposition e
evapor ating (@ i g ) . pi es . _l.n_any.cas t he
deposi ti on ;gr ocC §§h%? Q{fhalthgnilﬁp\@?r?ﬁ }agrhngg g ‘[’Igog%'r i\ggénoﬁ'tﬁ%élécefihlgﬁ) éeu‘fﬁaﬁ%gi s
evapor at ed #heinbes ovhileris¥% ist eirigoevaporated dihe ahabieuardnfainiey pipoes Radtavids 34
represent ed gi

Hagl n]?) 4. . \Wi.lbe the.inyention has been described in
terms of a pret é)fgr eﬁa' lgg?%%stp?]eﬂetwﬂlhén h%?p%‘ﬁ?’&?ﬁ fo; ?S’fo‘?s‘H’é‘F"af‘ﬁ BSul d be
adopt ed by dBE. skl hmathérmmethad mrtd uséeu iexaapl surdehs aluminum (cathodic arc
source) while evaporating a YSZ ingot to create the precipitates 34. In any case, the
deposition process of this invention is carried out so that alumina is evaporated and

condenses to form the discrete and fine precipitateé 34 represented in Figures 3 and 4.

While the invention has been described in terms of a preferred embodiment, it is
apparent that other forms could be adopted by one skilled in the art. For example, the
TBC 26 could be deposited by other atomic and molecular vapor deposition
processes, such as sputtering, ion plasma deposition, and all forms of melting and
evaporation deposition processes. Accordingly, the scope of the invention is to be

limited only by the following claims.



TBC 26 coul d be deposited by other atom c and nol ecul ar vapor deposition
processes, such as sputtering, ion plasma deposition, -and all _forns of

nmelting and evaporation deposition processes. Accordingl t he scope of
tthe invention is to be limted only by the foll ow ng , HH ,Ir"
1111111211211 hill "ILL S WHAT IS CLAIMED IS: 1. Ac ng a

thermal barrier coating (26) on a surface thereof, the thermal "bafri%er
coating (26) ' ' fucture conprising grains (30) and grain

boundari es, - @ﬁ%r@r‘a . a1?§$'er coating (26) containing inpurities in an
amount  sufficient to cause grain boundary slidi ngz, grain sintering and .
coar seni ng,- dndA epmpenentikdd baving hdheamd] bartier ensting §26) oasurtaceitheesof,ithet | on

urt her cont BRPRGIEEP A ERPRL At A pdfinkets Biopild bfns SRRt 1L o

in an anmount beuidakies, ahé thamgk banier tdoatingni26)i tantaining isputities imlah Amount

densification gf .the thermal, barri.er caating.(26),. .2. onent, ) :
accordi ng t o Seifigient o CWfér%'?’Hb‘f%dWcsﬁ@ﬂgr &gqlérsg}tg?ngt ﬁ@ ?ﬁercr'ﬁa £ agé/gn?i er
coating (26) ehfanced WiMRE diffusidh GRMRAAeH dehsifigatian afrthé. d@rhal drdérncoltingvher ei n
the mcrostructure of the thermal barrier coating (26) Is %%}g eneous
and porous: 426)athedhgsmabbarrien enating £ drber cgntamipg,precipgatss ( AETH™ he
Lhermal Dbar 1 igfif Bl hiRfosubaBle insaPEASBHT ARG ! detibAnrtippiditiaets a kooni a.
5. A conponent (1 according to any one of the preceding clainms, wherein
the inpurit iiddbit densifigationofdie thermal bamrier eqating G- el enent chosen fromthe .
group consisting of silicon, titanium iron, nickel, sodium lithium-
copper, nang c?{[‘ & &lﬁﬁﬂeﬂ‘{ﬁ %a’iﬂc&@ngﬁo chifiQTRARRIY the hilbrosedciind of theltherfay one
of the preceding clains, whereinthe inpurities are present in an

aggr egat e armrbamier efating (26) issqolwniB®- npl e percent of the thermal barrier
coating (26) 7. A conponent (10) according to any one of clains |I to 5,

wherein the %U?kléé],ﬁﬁo%%m @6 PacRbR@SRND cldif 12Whe@H @ Alicroatfiuinit odtheahermahst 0. 1
nol e percent of the thernal barrier

barrier coating (26) is inhomogeneous and porous.

4, A component (10) abcording to claim 1, 2 or 3,wherein the thermal barrier coating

(26) is predominantly yttria-stabilized zirconia.

. b. A component (10) according to any one of the preceding claims, wherein the .
impurities include an oxide of at least one element chosen from the group consisting of
silicon, titanium, iron, nickel, sodium, lithium, copper, manganese and potassium.

6. A component (10) according to any one of the preceding claims, wherein the
impurities are present in an aggregate amount of at least 0.02 mole percent of the
thermal barrier coating (26)

7. A component (10) according to any one of claims 1 to 5, wherein the impun‘tiés
are present in an aggregate amount of at least 0.1 mole percent of the thermal barrier
coating (26).

8. A component (10) according to any one of the preceding claims, wherein the
percipitates (34) are present in the thermal barrier coating (26) at a level of at least 0.1
mole percent of the thermal barrier coating (26).



coating (26). 8. A conponent (10) according to any.one.of the preceding
clainms, wherein the percipitates (34) are present in the thermal barrier
coating (26) at a level of at least 0.1 nole percenu mm Hn"w m
barrier coating (26). 9 L MS 9. A conponent (10) ac " mm e of
dal ns | to 7, wherein the precipitates. (34) are present in"thé thermal
barrier coating (26) at a level of up to about 3 nole percent of the

thermal barrier coating (26). 10. A conponent .(10) according to any one of
the precedi Bg cl Aicompondnt (18) accoiding toiany ond ofictims ¢ tdV7,whibedie tHesprecipitabser €S

(32) at and ' | - n 1 cording to
any one of gﬁ%\é?g&asg{ﬁﬁia%?'gﬁb rr"@,g%ér#e&%u?ﬁlé%éts% qggegr?zq%’f&t%%mg?e@?l I tates
(34) are | obgicent oftiiedbemval basder gottingt(@86)and pores (32). 12. A conponent (10)
according to claim11l, wherein the precipitates (34) located wthin the
defects and qoreéoégéz have dianmeters in a range of about 2 to about 50
nanoret ers. 14:3. - et J0haecardingte appeRnefdha Precedingiaims. whesgin they

super al | oy michastrueture Kadefects didipatdsi(82) 2086 Keddden(tRé Yraitiboungiidsace of the
substrate (22); and a thermal barrier coating (26) of yttria-stabilized

zirconia on,the bond coat 4 he thermal barrier coating (26) having.a
m crost ruct aﬁ'e mgtcﬂ"ﬂg?%fgt(ﬁoggﬁ@'éfﬂq taany-ppe of the precedingtolainas, in gt least
boundari es eémé bithaiposcipitates ¢34) s lotdted adjasenibthe Bafetts @hd poRE (3. ( 26)
containing oxide inpurities of at ‘| east -one elenent chosen fromthe group

consi sting ilicon, .tikani | LOR,: Ni . ' - Lt hj er,
manganese an ‘p%t‘ifé"splo Hen!;lt a @ﬁ%"%@m&&i rr?:)“ﬁ]r ?J{Eb@sﬁ%%?%gﬂ%% 8@%‘%{@2“ %%Pe%p _

aggr egat e amwithih thé defects and tpofes §22)rheive dignentare it a odngehd dbbut 2rid abeut (Si0er
coating (26), the thermal barrier coating (26) having alum na precipitates
(34) wit hin PRE"Er ostructure in an anmount of at least 0.1 nole percent
to getter the oxide inpurities and/or neutralize their effect so as to

i nhibit grdi3n A gastterbinegenging compomaah (1) comprisingier eby i nhi bit densification
of the thermal barrier coating (26).

a superalloy substrate (22);

a metallic bond coat (24) on a surface of the substrate (22); and

a thermal barrier coating.(26) of yttria-stabilized zirconia on the bond coat (24), the
thermal barrier coating (26) having a microstructure with defects and pores (32) at and
between grains boundaries of the microstructure, the thermal barrier coating (26)
containing oxide impurities of at least one element chosen from the group consisting
of silicon, titanium, iron, nickel, sodium, lithium, copper, manganese and potassium,
the oxide impurities being present in an aggregate amount of at least 0.02 mole
percent of the thermal barrier coating (26), the thermal barrier coating (26) having
alumina precipitates (34) within the microstructure in an amount of at least 0.1 mole
percent to getter the oxide impurities and/or neutralize their effect 5o as to inhibit
grain sintering and coarsening, and thereby inhibit densification of the thermal barrier

coating (26).

14. A gas turbine engine component (10) according to claim 13, wherein the
precipitates (34) are present in the thermal barrier coating (26) at a level of up to 3

mole percent of the thermal barrier coating (26).
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14. A gas turbine engi ne conponent .(10)..according to claim 13, wherein the
precipitates (34) are present in the thermal barrier coating (26) at a

| evel of up to 3 nple percent mlmmiﬂtIMﬂMI mrrri er coating (26). 10 /. |
Frrro111111a10biy 1 11111111111 n cL . t ur bi ne engi ne conponent

(10) according to claim13 or 14, wherei b the * precipitates (34) have
dianeters in a range of about 2 to about 50 nanoneters. 16. A gas turbine

engi ne conponent (10) according to cla.m13 r ' oxi de
inpurities 4be pAdssiiubing epging gYR 1%#"@t83|?&'?%%§€{a{)%g%ﬁ Jggper cent

of the the F,;@,gpwg@g (34 hat®&heerd iR@)rande/of about@do mbeutiSAamanergetess. conponent
(10) according'to anyone of clainms 13-16, wherein at |east sone of the

preci pi t at e$6.( 34 gas turbine ahgitde ectnparent (10} accoelingdd slaimn di3,pldrar 45, iddeinl8. A

gas turbineg,enql . 3CC i i reln

preci pitat eg‘%(‘g‘i&%@@@@‘%}? %hjréé%ggn'f' aﬁ“h%%@?%c%@’%?%%%%% o?g%ogrfgé&%h?d

di anet ers i theghermabfearriesicoatingf26R t o about 50 nanoneters. 19. A gas turbine
engi ne conponent (10) according to claim 13, wherein the. mcrostructure
of the thermal barrier coating (26) is columar. 20. A gas.  turbine engine

component (10) oft g8 thiee erging epmponsnt (IP)aceprdinglie anyane ohelimectdt of the
ther mal  bar whéreinGl fiast€bne’60thé precipRAED (53 aRUScaATadiadentithe dbfects and pores

32). :
18. A gas turbine engine component (10) according to claim 17, wherein the

precipitates (34) located adjacent the defects and pores (32) have diameters in a range

of about 2 to about 50 nanometers.

19. A gas turbine engine component (10) according to claim 13, wherein the

microstructure of the thermal barrier coating (26) is columnar.

20. A gas turbine engine component (10) according to claim 13, wherein the -

microstructure of the thermal barrier coating (26) is inhomogeneous and porous.
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