THERMAL BARRI ER COATI NG BACKGROUND OF THE | NVENTION (1) FIELD OF THE

| NVENTI ON This invention generally relates to coatings for conponents
exposed to. high tenperatures, such as the hostile thermal environnment of a
gas turbine engine. More particularly, this invention is directed to a
thermal barrier coating (TBC) having a columar mcrostructure, an
interior region forned of a ceramc material wth |ower thernal

conductivity than yttria- smﬁkm@ﬂkﬁ%@@ TM®@ . and an outer surface

region that is nore erosion-resistant than the interior region of the TBC
(2) DESCRI PTI ON OF THE RELATED ART Conponents within the hot gas path of
gas tur biBACKSRAUNINOE T3 BRVENGIOM ed by a thermal barrier coating
(TBC). TBC s are typically formed of ceramic materials deposited by plasna

spr ayi ng,( jl DW%WSi cal vapor deposition (PVD) techniques.
Spr ayi ng tlec NI quUES "deposi material in the formof nolten "splats,"
resulting in a TBC characterized by a degree of inhonogeneity and porosity.
TBC s erfhivineention gdnerally gélstes td @aHBES 0 CEmMPERHNRI WkpBfedda hidhtr bi ne engi nes
are nost often deposited by PVD, particularly electron-beam PVD (EBPVD),
whi ch yi dfTBBeravEes, sci-as the hastilertheraal sneirongneat af & gasiumbinecenginet Mereabl e t 0
expand a R t. i a hng. stress t lead to '
spal | ati g!%rt &gli%{y?g{rls igf(‘){{ﬁl@%ﬁl&{? ﬁ%lél:?iér&]o@tar'fli}l(‘:7 IL‘gebsg%:eéﬁo @g?ﬁ?@jﬁ@g&g&si ng ot her

at oni ¢ ardlumae mitmstrucdyre) ansinhonsegiqifor@ed b0a péraaRsaasrial(Witllowdti gh and
| ow pres ion plasma deposition, and all

sure, standard or collimted plune) (
forms of HHEMR] G Fl@l“@(/éﬁ‘bmzkSﬁbliié%§¥?qn&1(%@c§§s@§%@ syrface rggon nel ti ng,
etc.).  VighhOMSrEEHATh CosiBRmPiH §a ‘1?&‘1‘1 as TBC's, the nost
vi'del y used beli Eg 1 zi rec%zrﬁ%na f%lrt]%z %r??éﬁgf@rg ul'ly stabilized by yttria
*¥203), magnesia (MJO), or ceria (Ce) to yield a tetragonal
m cr ost r (&% DESGRIRTIONOETHEREISATERaAREs. Ot her stabilizers have been
proposed for zirconia, including hafnia (HFQ2) (U S. Patent No. 5,643,474
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thermal barrier coating (TBC). TBC’s are typically formed of ceramic materials

deposited by plasma spraying, flame spraying and physical vapor deposition (PVD)
techniques. Spraying techniques deposit TBC material in the form of molten “splats,”
resulting in a TBC characterized by a degree of inhomogeneity and porosity. TBC’s
employed in the highest temperature regions of gas turbine engines are most often
deposited by PVD, particulatly electron-beam PVD (EBPVD), which yields a strain-
tolerant columnar grain structure that is able to expand and contract without causing
(«\\ damaging stresses that lead to spallation. Similar columnar microstructures can be |
| produced using other atomic and molecular vapor processes, such as sputtering (e.g.,
high and low pressure, standard or collimated plume), ion plasma deposition, and all

forms of melting and evaporation deposition processes (e.g., laser melting, etc.).

Various ceramic materials have been proposed as TBC’s, the most widely used being




to Mal oney), and dysprosia (Dy203), erbia (Er203), neodym a. (Nd2X3) ,

samari um oxide (SnR03), and ytterbia (Yb203) (copending U S. Patent
Application Serial No. 10/064,939). Yttria-stabilized zirconia (YSZ) has
been the nost widely used TBC naterial due at least in part to its high
tenperature capability, low thermal conductivity, and relative ease of
deposition by plasma spraying, flanme spraying and PVD techniques. G'' TBC

nat eri al szitdohla (ZaOS patistly ok RALRALIGEATEY i (Y,05), hi3dhes eSéwgb S cBriyari ety
adva g @tlncl uding the ability to operate a gas tur I ne engi ne at

h| gher Yielda teirzgopelagicmspacureithetissisis phaserchangssd QWherasi ti ¢ cool i ng

lcgrsns’rgfll y-'as s{lgegggﬁ% bggﬁﬁop ent %méog?%g%hfﬁ lﬁlac;%%l (@igﬁ)b@ ggllgaqm’& Mo oses a

YSZ TBC a8,648,4 toSangedt®)i gadatinaddid, OON®I.S PetedeNob.gt 77, 20R4R &, P sher mal
conduct i vi ;% of the base YSZ conposition. These additional 0xides include

al kal i ne-182¥¢lAnGips and dygpresia (P 2fbig, (E&stlnaome)ﬂNd@a)mnaampsr O and
bariumo dol neodym' a,
dyspr osi ?ﬂgen@%@ﬁi hangﬁ%ﬁﬁm%ﬁ%% girﬂ qﬁghﬁérirg te{ﬁjpﬁ ckel oxi de
(NO, fenrodetno) d&’ttn@EEaBﬂﬁ):d zirodtih ('983) kusivden (h@@@st amgm oxi de
(Sc203). Accordjn ) , When present in sufficient anounts

t hese oxﬂﬂ%tg"%hdé‘egb eéStt“b é’rﬁtﬁm&hmmgﬁraf@w@eablhty, lowethemaplal  conductivity
of YSZ by i et rains.

Q her tercr?g?f/&@g% ég%arﬂa%gé ?ﬁétg gﬁgmtgﬁat ctﬁia{@%s&]ﬁae%n p posedg p?aﬁ?:lf%i

YSZ+haf niBVID ¢ehmimmess - assi gned U. S. Patent No. 6,352,788 to Bruce) and YSZ+

ni obi a (Nb203) or titani a (Ti @) (commonl y-assi gned co-pending U S. Patent
Applicatl Seria 63 810 to Bruce et In addition to | ow

hor i PG B Ol Pahae %&0@&}?%%%* t@%ﬁg Oé%ﬁﬁafﬁgﬁ'tyso are
required aHOamgebslhaiﬂdm@Qﬁ@ﬂﬁht&rtQGﬁéﬁwgas%bﬁ{éreﬂ h%hﬁls of varying sizes
that are generated upstreamin the engine or en e I gh velocity gas

stream t ﬁ@r@n@htuf%emc@m&edlPﬂﬁaiuéat@htyafﬁﬁasednﬂr@ltnmoehgg tﬂsses]'hnﬂ redaeddt of
TP 9° TR BT B B RehrEh Bl WA T IR O o)
6,586, 115 to Rigney et al. discloses a YSZ TBC alloyed to contain an additional oxide
that lowers the thermal conductivity of the base YSZ composition. These additional
oxides include alkaline-earth metal oxides (magnesia, calcia (Ca0), strontia (SrO) and
barium oxide (Ba0)), rare-carth metal oxides (ceria, gadolinia, neodymia, dysprosia
and lanthana (Lay0s)), and/or such metal oxides as nickel oxide (NiO), ferric oxide
(Fex03), cobaltous oxide (CoO), and scandinm oxide (Sc;03). According to Rigney et
. al., when present in sufficient amounts these oxides are able to significantly reduce
( the thermal conductivity of YSZ by increasing crystallographic defects and/or lattice
| strains. Other ternary YSZ coating systems that have been proposed include
YSZ+hatnia (commonly-assigned U.S. Patent No. 6,352,788 to Bruce) and YSZ+
niobia (Nb,03) or titania (TiO,) (commonly-assigned co-pending U.S. Patent
Application Serial No. 10/063,810 to Bruce et al.).

In addition to low thermal conductivities, TBC’s on gas turbine engine components
are required to withstand damage from impact by hard particles of varying sizes that
are generated upstream in the engine or enter the high velocity gas stream through the

air intake of a gas turbine engine. The result of impingement can be erosive wear




the oxides noted by Rigney et al. as able to reduce the thermnal
conductivity of YSZ have the disadvantage of al so reduci ng erosion
resi stance. Above-noted U. S. Patent No. 6,352,788 to Bruce teaches that

YSZ cont ai pin bout o up to less than_six _weight percent yttria in
conbi nat i o&eﬂ‘i%[‘lﬁ' ﬁgglfeépgﬁﬂl)e@ror Hapast waBationdionslargep patides: Mamyaét

resi st ancege hidadiidd iR BN Y ASH] fé'”” . ' ion Serial
No. 10/ 063?962 to égrbggg shows %s?:%t srﬁ%&l%gglgtl t @ﬁ%ﬁ%\#mﬁgﬂ%\gﬁ%, neodym a
and/ or t anhaye he disadvantage of alspraduciag brpsioh adsistinze dboye-abed1U.$.Patentvei ght

percent ytiria, (49 ca | MRr o t he .impact and erqsi on resi stance of
ovse, 11 Ve nen Pl bt Tar S sodinPBebeu 6 uS G HE B  nat

exhi bi ted ‘bﬁgﬁt peRé@yttrih HESoRRYint0R Wb Es‘i%dﬁﬂﬂaﬁx%xﬁib@@irﬁ%r@%«fm _
resi stance. BRIEF SUMMARY OF THE I NVENTION In one aspect, there is provided
a thernal Bweetiresistansatn additdon, commonlycesigiedd).S.datmpbApplicatiomertah®omal  barr i er

coating hawy ' Lor region. formed cer ¢ material so as to
have a | o@;ﬁ{d@r@?ﬁ%‘?ﬁ%ﬁh&’?}’étﬁf‘%@ . ?‘ﬁ‘gthonfpf%gﬁﬁléa’ B%(ﬁyfné? Or&”g%?l i zed by
about  seven zingingiyartily cebilizd By dbdut BOEwaBhtPeEcRht yidh (A% SZpeinon on and
contacting the interior region and fornmed of a ceramc material, the

thermal bampPrave thed@padt Apd erasiomigsiatanesiof AHSZai cr ost r uct ure wher eby t he
interior region and the outer surface region conprise columar grains of

their ceraheuiBtakiabisif iy TBAYRE aap?@& ELRitcl BImQBw@nd the outer

surface region being oriente substant nor na surface of the

conponent ,thenal waductimitippartd iopraved elvsion calistamar i cr ost ruct ure conpri si ng

feathery grains, the grains of the outer surface region being denser, nore

columar, and nore closely spaced than the grains of the interior region,

t he out er BRIEF SUMMVAGYOOF AEIENVENBEOM osi on and i npact resistant than the
| on_ at result of the grains thereof being

interior re east in part_as
more cl osé‘i‘g“%ﬁgﬁgﬁ%ﬁdﬁpwgﬁgraé}l?@agparf‘ﬁ’écqaﬁf‘%@érswf #FYR I1n a anot her
aspect, tRemBohcht, IMOWESSA bﬁﬂe?%ﬁﬁﬁ%r%a}{a@fng'aﬁrintﬁﬂéﬁe n B ace of a gas

turbi ne engi ne conponent, the ther barrier coating having an interior
regi on anecramic wategsl wusfiabeva elgiventhermalndndwtivity thangitcheiaipattiailyor regi on,
the inter stabilized by about seven weight percent yttria, and an outer surface region on and

contacting the interior region and formed of a ceramic material, the thermal barrier

coating having a columnar microstructure whereby the interior region and the

outer surface region.comprise columnar grains of their ceramic materials, the

grains of the interior region and the outer surface region being oriented

substantially normal to the surface of the component, at least a portion of the

columnar microstructure comprising feathery grains, the grains of the outer surface

region being denser, more columnar, and more closely spaced than the grains of

the interior region, the outer surface region being more erosion and impact

resistant than the interior region at least in part as a result of the grains thereof

being more closely spaced than the grains of the interior region.

In a another aspect, there is provided a thermal barrier coating on a surface of a gas
turbine engine component, the thermal barrier coating having an interior region
and an outer surface region on and contacting the interior region, the interior
region and the outer surface region being discrete ceramic layers separated by a
distinct interface, the interior region consisting essentially of zirconia and at least

one of ytterbia, yttria, neodymia, lanthana, hafnia, tantala, gadolinia, erbia,




region and the outer surface region being discrete ceramic |ayers separated
by a distinct interface, the interior region consisting essentially of
zirconia and at |east one of ytterbia, yttria, neodym a, |anthana, hafnia,
tantala, gadoJinia, erhia, 3 and dysprosia, the thermal barrier coating
havi ng a c%}id%ﬁ%fPﬂﬁa' f Blchagie copiieg kaying heolpmpamisrostegiuen and t he out er
surface regi ' | . A .t he

col umar i A o AN el Aftaoe e R PR o Bl i, e

out er sur faidestapprton bethe gotlemse microsinetee bompasing fthepy gratlsphel y  spaced

than the grains.of the interiar regiqn, the outer surface region being nore
erosion a alflﬁﬁgtglfo Eeg F%r&l%?ﬁtre@%ﬁelgﬁgeqsﬁf’é‘?qr@)FOlP@@%dem‘feéﬁ%sFl)ﬁ n part as a

resul t of gphed tBirahBErdinesRal ki Jedibi, ShEORSHYSPRAERA Heltl%'e}asﬁée grains of

the interior region. In yet another aspect, there 1s prov a therma
barri er couesioyasinwasiycsisient thin the igongronginn at kehs in hat and rdsalt of e coat i ng

havi ng an J Lor Lon formed of ceram C. erial, so as to have a

| ower t her Bﬁ%’&%&ﬁ%&ﬁ%ﬂoﬁe ?lﬁgﬁyﬁarcg%maa t@%?ﬂ‘ﬁﬁ?@‘%‘f*%?ﬂﬂ' B by about
seven wei ght percent yttria, and an outer surface region on and contacting
the interior region and formed of a ceramc naterial that has a different
conposi ti &hYetrapather apectethsra is pravidadiadherms bamver pontiogionra susfgeoefa t he
interior redi ' Mafo P .t . he  thick s of the
therrml berrp et el tAe B0 Sine 100 M heeRbr o Ol PG T ess
than hal f neftertahso sstodlanes dovadr thdtmal bvdoadvilyahind gtcontadariidly dtdiglitdaer nal

barrier c ath‘gﬂ havi ng 2 col umar g}'}pcrostructure whereby the interior
region andY 8RR SeYfeY ghmerrent Yilg, and apryes Yefagoragoroindigeatactioer ani ¢
mat eri al Sthetiﬂf%riSPlleF,{Hﬂsanﬁff?ﬁﬁk‘?i of QWefimid H{aft&&?tﬂa?ﬂésoﬂdi%fe@gc%%o%'t?c!nosel Yy,
spaced than the collums of the interior Tregion, the outer s race regi on

bei ng nor has tluséepamizmoatengisof the asesdrangion taaittéréor regibe comtituti@gingreat | east
re closely spaced than

. in part asg a,rgsul.t of the I S er.eof hein
Tt h‘epcol u (l)lﬁﬁtoﬁbei’tcmsﬁpgﬁ’égﬂ%ﬂ’.ai %“E‘E‘i wetpe F"gd ggtq%qrﬁgqfaqggﬁgxp@r coati ng
(TBQ). for cnsGRMAS RS thanHaBF Rk thknbR Sf HI: tRernPPBhidef cdMRERE ikl Onment ,

such as the superal |l oy turbine, conbustor and augnmentor “conponents of a
gas 't ur bi harienefiatiag hating TR uMugr mésrestarstire vbeieby thedgtenior sagibreanddhbi er

outer surface region comprise columns of their ceramic materials, the columns of the

outer surface region being more closely spaced than the columns of the interior

region, the outer surface region being more erosion and impact resistant than the
interior region at least in part as a result of the columns thereof being more closely

- spaced than the columns of the interior region.

Disclosed is a thermal barrier coating (TBC) for a component intended for use in a
hostile thermal environment, such as the superalloy turbine, combustor and augmentor
components of a gas turbine engine. The TBC may have an interior region and an outer
surface region on-and contacting the interior region. Both regions can be formed of a
ceramic material, with the ceramic material of at least the interior region having a lower
thermal conductivity than zirconia partially stabilized by about seven weight percent
yttria, €.g., zirconia (ZrO;) containing one or more of ytterbia (Yb,0s), neodymia
(Nd»0s), lanthana (LayOs), hafhia (HfO,), tantala (Ta;0s), gadolinia (Gd,0s), erbia
(Er;O3), dysprosia (Dy,0s), and/or yttria (Y20s; e.g., more than 7 weight percent yttria if
yttria is the only additive oxide). The interior region can constitute more than half of the
thickness of the TBC, and the outer surface region can constitute less than half of the
thickness of the TBC. The
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surface region on and contacting the interior region. Both regions can be
formed of a ceramic material, with the ceramc material of at |east the
interior region having a lower thermal conductivity than zirconia
partially stabilized by about seven wei ght percent yttria, e.g., zirconia
(Zr Q2) CODI%i ng one ﬁ{@mre of ytterbia (Yb2G3), neodym a (Nd203),

| ant hana ({B$2%8Y Navegrqofmpar puempsiruciuss whareby(the méssior regaansing thepufacd203) , erbi a
(Er2a3), ji &Q@ ik ria.(Y203 . n 7 wei ght
per cent y?ﬁ?g?%ﬁl@%ri arllsg t he oﬁ @E‘gﬁif‘ﬁ%‘gg%mxiﬁ%gﬁh@%%?%n or region
can const ireginemapobempieznosil and afpacheesistahi thimiés sntafor rdpgonldBEastamgart he out er
surface region constitute less than half of the thjckne of the TBC.
The 3a TB %ﬁﬁulﬁg’{}gegoqmﬁ#ﬁ%%%grpp@e%ﬁga%@%ww SH?@‘Fi or region
and the ogt@for répis. BERINRAI BB oY suEREPIERA nfR b Mtndlo bRk 1s€T am ¢
materials. The outer surface region nmaybe ndre erosion and I npact

resi st ant PeIRgify thiethe ftesior gagianegi on at | east in part as a result of the
colums thereof being nore closely spaced than the colums of the interior
region. In addition, the outer surface region may be fornmed to contain | ess
porosity than the interior region. 3b As a result of the |ow thernal
conductivity and relative thickness of the interior layer, the TBC
preferably has a | ower thermal conductivity than an equival ent col umar YSZ
TBC while also exhibiting enhanced erosion and inpact resistance as a
result of the denser columar construction of the outer surface region,
whi ch serves to protect the less erosion-resistant interior region.
Accordingly, the TBC nay all ow for the use of thinner coatings and/or

| ower cooling airflow for air-cool ed conponents. Both regions of the TBC
can be readily deposited by PVD techni ques to have the nore
strain-resistant columar grain structure noted above, with the closer
colum spacing of the outer surface region being achieved through
conpositional or processing nodifications. Qther objects and advant ages of
this invention will be better appreciated fromthe follow ng detailed
descri ption.
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BRI EF DESCRI PTION OF THE DRAWNGS Figure 1 is a perspective view of a high
pressure turbine blade. Figure 2 schematically represents a cross-sectional
view of the blade of Figure 1 along line 2--2, and shows a thermal barrier
coating systelinq%n t he BI ade in accordance with a preferred enbodi nent of
the i nvERRTBHIE itk ot 91"3?280%1“&?%‘%%@5’@"? trigfssssofdlg imderior daser,dbet i ons of
t her mal TR gk RFabTPRAs A8 %er AR LoRduchy fﬁlaﬁ%.eﬁﬁi\(/gﬁ?ff &l %{rﬂz rgyel s of

er osi on/ i npact resistance as a result o aving different columnar

m cr ost whil¢ alse sxhibitggrebarsed amsidn and irsp:an nasiktince ges restio of 1thg dener 0ss- secti on
and a-detlai | ed Plortit.on her?of, respectively, of a ther ni?l barrier coating
formed OFUHOFSSINRY Iﬂﬂyifhﬁoé‘eraléﬁgqefr FEtoih sees QPEPL oIS or i nproved
er 0si OnlobBAGEsiftARIHEARGReioN, ACCSHIARRE thdMBE md BN ©7 Hetusk BY fidePN.
Figures 7 and 8 are scannéd inmages show ng a cross-section and a detailed
por t i oncoatingy @wlfor lpwerreeling airflow dér air-condechedmpranents e Botomgiongof therred  of

T9(SZ, rej . fiFr i aracteri.zed by i nproved erosion/inpact
resi st aﬁ%g c%@;?%gggg%ésiﬂ%%b%ﬁ vﬁqﬁéflaﬂ?%eg ‘%Eswﬁ%ﬂg’ge grqné-gqﬂs?anéf havi ng a
denser eloinh@rgisin squttare md Hoee, VAt BB cidier @GR §aRGH IFthdodthesubfags ent
invention, Figures 9 and 10 are scanned i nages show ng a cross-section and
a det aj fegl9nhsing ashievedbyeugh compepiienal g pipcessingamedifieatins.bar ri er coati ng
formed of 7%'SZ and having a fully dense outer surface region in

- accor danger ¥hikds &M %h%%@& d)\lﬁl\iléﬁ :ﬁf‘}een?{)]n %vg?ggéﬁfe? i@h%re{;]i?t\ég RonPhe DETAI LED

DESCRIPTIO\I&FTHEINVE e ention 1s applicable to a
vari et yiolowignistatled dsscsipbipect ed to high tenperatures, such as the high and
| ow pressure turbine nozzles and bl ades, shrouds, C conbustor |iners and

nr of anslid e PSC R AP ER Ltk PRORIRRG “5i e 10 shown in Figure 1. The

‘bl ade 10 generally includes an airfoil 12 against which hot conbustion

gases digure 1 is a perspective view of a high pressure turbine blade.

- -Figure 2-schematically represents 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

preferred embodiment of the invention.

Figures 3 and 4 are scanned images showing cross-sections of thermal barrier coatings
formed of 7%YSZ but having different levels of erosion/impact resistance as a result of

having different columnar microstructures.

Figures 5 and 6 are scanned images showing a cross-section and a detailed portion
thereof, respectively, of a thermal barrier coating formed of 7%YSZ and having a
densified outer surface region for improved erosion/impact resistance in accordance with

the present invention.

Figures 7 and 8 are scanned images showing a cross-section and a detailed portion
thereof, respectively, of a thermal barrier coating formed of 7%YSZ, wherein the coating

is characterized by improved erosion/impact resistance over the coating of




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

oxi dation, corrosion and erosion. The airfoil 12 is protected fromits
hostil e operating environment by a thermal barrier coating (TBC) system 20
schematically depicted in Figure 2. The airfoil 12 is anchored to a '
turbi ne disk (not shown) wth a dovetail 14 forned on a root section 16 of

t he bl adefikgresGoRliong a%ﬂﬁ‘a‘%% : ' irfoi.l 12 through
which bleed air is forced to tyﬁsﬂ@sﬂé@tﬁ%?}rdgim&fthlgseﬁﬁﬁg%@egfﬁl_ rhe TBC
- syst em 20adcordangr with titeguiesent fvention. 2 as i ncl uding a ceranic TBC 26

anchored with a netallic bond coat 24 to the surface of a substrate 22, the
cal | rall oy and the base naterial of the

| att f e igh i,§ At Vpi . a_Supe
b?adgr 18. E ‘&%\Ape;gg aflgépéi‘foscal)ﬁﬁdﬁmﬁé@ SRS R CHogt-sechab anbh detaded parion ur bi ne
engi nes, thBroheapeaRaly, 3fa HRermBl hBEAR Y n SRkl B 7 rza e@gﬂ%ﬁﬁ tion of a

type known in the art, such as an overlay coating o ase N Al

i nt er et aftily dense qutermmriamexegiph dyaccordaacelivithas ioptionat agiecnef theipfesag a

di ffusi o(r} @é mnni de or a diffusion platinumalumnide. As such, the bond
coat 24 develops an al um num oxi de (alum na) scale 28 as a result of

oxi dation, such as during deposition of the TBC 26 on the bond coat 24, as

wel | as HYBRAILEDDESCRIPFIGNOF THEBIVENTIEND! ade 10 during engine
operation. The alum na scale 28 5 chemically bonds the TBC 26 to the bond

coat 24 a‘pg.s bstrate 22. The TBC 26 is represented in Figure 2 as having
a strai n-tgHeheRreseniinyetionds gpnlicable o p yatiely ofeemprnenGubjasted hobighi n t he

oL U AR AT AL G5 BAR.PEBAL e dERRS g e 20 2

Sing a physical vapor tion ni que, suc ot her

tom ¢ ardmbubtec lihers anhpmentordarbyarasf ¥l thrbake dnRines thetdvieRsortwil
' As with prior art TBC s, the TBC 26 is

evapor at i orh[ide 0 Lt’i('ﬁ%n roceﬁ&s. | C s
deposi t ed® FFUSSeH i taference to pueh rressyrs tughiasblage 1 hshsvwndia Kigererle fhier ed
ther mal  piglocrol dealQnchiRs at'RARHH 14 A1k 34810- According
to the inventi ogn,_ t hg TBC 26 has two eg%%ﬁﬁgﬁc%%ﬁ?%?asr%gé%n 32 and an
out er sudirgeted dugngepedation oféhe gdsanrhimgergire, el whoss suffacss @ieréfaee TBC 26), as
subjected to hot combustion gases as well as attack by oxidation, corrosion and
erosion. The airfoil 12 is protected from its hostile operating environment bya
thermal barrier coating (TBC) system 20 schematically depicted in Figure 2. The
airfoil 12 is anchored to a turbine disk (not shown) with a dovetail 14 formed on a
root section 16 of the blade 10. Cooling passages 18 are present in the airfoil 12

through which bleed air is forced to transfer heat from the blade 10.

( ' The TBC system 20 is represented in Figure 2 as including a ceramic TBC 26
anchored with a metallic bond coat 24 to 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
preferably an aluminum-rich composition of a type known in the art, such as an
overlay coating of a beta-phase NiAl intermetallic or an MCrAIX alloy, or a diffusion
coating such as a diffusion aluminide or a diffusion platinum aluminide. As such, the
bond coat 24 develops an aluminum oxide (alumina) scale 28 as a result of oxidation,
such as during deposition of the TBC 26 on the bond coat 24, as well as high

temperature excursions of the blade 10 during engine operation. The alumina scale 28




_ schematically represented in Figure 2. The columar grains 30 of the
interior region 32 are represented as being nore "feathery" and spaced
farther apart than are the grains 30 within the outer surface region 34,
with the result that the TBC 26 is nore porous within the interior region
32 than at the outernost surface region 34 and, consequently, the outer
surface region 34 is denser than the interior region 32. Wiile the porous

. t _ . : : : .th I
mi crostr ug;am@am:bmmrém 08%o FRUoAA ci4 23Rk @h@éﬁtagegzébgy& Jrﬁﬁg;%% Chat this

conductivity for the TBC 26, investigations report [O)VARS

mi cr ost r usptRsentpd iniggure Rt dsrhalinigar steimiil@rantanidrostipente ¢fbh@imR REfns

parti cul agdy i%?the.erBC 26 hs ornmed.of certain ceramc nmaterials that

result ind D Ty RACE ATtSUe \ﬁ/@(’mﬂ{aﬁ@“ﬁﬁ?“@%%ﬁf@ﬁh‘ﬁia@lW%WYsz. Accor di ng

to these {ddpvsitiht GRITROI6 ukii . : ' tructure
dposising uSHig alBHSicHRADEr ?%EQHHRE&&E@W e 2JEEPOD

of the outer surface region rove ragsion a I mpact

resi st anc® aagthebatpmieend molepelarnyapoo pracess; as welbés krdvevi mekingandr egi on  32. By
d_outer surface regions 32

nbi ni ] t f the.interi
coa 5" erBEabE RS ESse’ as i e YRGB madHG 26 depesitefne ovod
er osi on/ i fopahickndse Hiab isANERCi G Ao PROvVEISTHE %&Bﬁ@&'ﬁﬂeﬁnﬁﬁﬂbt‘%ﬁ% o# ¢ S believed

that the interjor region 32 should constitute at |'east ha he thi ckness

of the TBWdsgyinggsebsyateri2randbjadebdut 80% to 90% of the TBC 26, with the
bal ance being the outer surface region 34. For exanple, for a TBC 26

havi ng a g hJ ) a 125 mcroneters), ui tabl e

t hi cknes SA‘%ES rt ggﬁtggén&% Hfs?el}ﬂ'" rﬂgecghl??&( I g ?\gérqgéongbw?@%?gl%%%gmf%

mi cr onet emsdr susfhiel regibn 84 . Bordethy bikgr surfbé 6kMeIBODeRRPUL 25 nils (about
§35 mcropmeters), a suitgble thi ckness for the outer surface region 34 is

bout 5 r‘?ﬂg%l%lc HERTesesls FHEith’FF‘e%-eT%*’-) colupearigaries 3@ of tednteriomxegionr f ace
regi ons 33 20ebpAdeRb®as ‘55##?@@@%&115@25{1%55 Celdt: b%aggtpfs%o%n&%%at di stinct,

though the transition fro por o enser %s can be
nore gr adueihs 3®withbrthd eutensiafade ségiore 34, asth the resiR Shelt theo TR ndogs Med duri ng

separate _coati n&[h_?ﬁjgr.altpi.ons.. T% pronote the thermal insulative properties
of the TBEIDEW ALPTIPLICEIoN 3 thegt atithe,pyarmospsyriacg regien 3bryd,f or ned of a

ceram ¢ RBAgRGheHIyAYiIoRr SurfRVREbH 8% FRlens QMIMEME Ytk Yor re gion 32. While
the porous microstructure of the interior region 32 contributes to a lower thermal
conductivity for the TBC 26, investigations reported below showed that this
microstructure is not optimal for erosion and impact performance, particularly if the
TBC 26 is formed of certain ceramic materials that result in a coating with a lower
thermal conductivity than YSZ. According to these investigations, the more dense
. and more columnar microstructure of the outer surface region 34 exhibits improved
( erosion and impact resistance as compared to the microstructure of the interior region
32. By combining the microstructures of the interior and outer surface regions 32 and
34 into a single TBC 26, reduced thermal conductivity and improved erosion/impact
resistance can be simultaneously achieved. Tt is believed that the interior region 32
should constitute at least half the thickness of the TBC 26, and preferably about 80%
to 90% of the TBC 26, with the balance being the outer surface region 34. For
example, for a TBC 26 having a thickness of about 5 mils (about 125 micrometers), a
suitable thickness for the outer surface region 34 is about 1 mil (about 25
micrometers), while for a TBC 26 having a thickness of about 25 mils (about 635

micrometers), a suitable thickness for the outer surface region 34 is about 5 mils
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than the nore conventional zirconia partially stabilized by about seven

wei ght percent vyttria (7%SZ, thermal conductivity of about 1.6 to 2.0
WnK at 900C). Preferred ceranmic materials include zirconia containing one
or nore of ytterbia, neodym a, |anthana, and hafnia. Wen deposited by
EBPVD to have a colummar grain structure, these ceramc materials have
thermal conductivities of less than 1.4 WnK, typically about 0.8 to 1.4

WnK, as gbhb@Sistmef (e INETN ' | but | to.gne or nore of
t hree cha?act eri grtli coéﬂéggrgggﬂieélg%ﬁpg%dg&%g%%%ﬁdr?régzc ﬂ%@@f‘?vi ty of a

zi r coni a-representedvint Bignmzl2 asdeirg sonewhaedigtitict ghewdtethe thaadtibi &bndhe i 1 CONi a,
nor e preferabl than that of yttria, to introduce phonon

reat er
scatt eri nf 8% t\é’éﬂﬁﬁﬁ PO ERRITES It hemBFoEadalras 62 he mare digtinetaather ext ent
than ytt riedilt 8fboiPfontied agkinSsephiafed g ijfiat of zirconia, nore
preferably greaterg)t ha% thallt@%e? fttrcﬁg%gg %?trl\ér[gb i ntroduce phonon
scatteri n’?; and a valance different than that of zirconia to introduce
oxygen detepromate the teesmal wishletivé proptrtiepobihe TIBQ26 mo1dast thp hnerdut regiaa t er i ng

hani . ' | b d . dditi i de t [ ia f
LAY T T e
wei ght pahgetie nidre co@veativhg zir@&;iﬁ‘ﬁﬁrﬁﬁfl¥ E@Bﬂi%ﬁ by hbout tse\}eﬁt‘ﬁé}gltg)’gl'&énfiddi tive

ncr

oxi de since the thermal conductivity o SZ deCreases W easi ng

yttria cdﬁ@ﬁF%Y@;ﬁm@@némmtysotébow k@ th2.0 WinK rat 800°@oiyefereed | ant hana,
and haf ni : I eV . be. by weight, about 1% tao aboyt 65% wth
addi t i ve S ng“gén aZSnf?@“Q Zronia Soydtiig ‘Kﬂ‘é‘i%ﬂ?f%%&%tﬁﬁ‘?laﬁeé’awwg

| ow- condUaitharial yndzhafsianVehdrseposiRAEBEFDIY Ghveis col HRACHLR @Sciufe, 9 »

q_rant hanum zi rconate. Tantala, gadolinia, erbia, and dysprosia, uséd alone,

n any cdhisESeRMEnmMAteriglsdiave thermal conductivitiesof Tess thsnrad MomEKityicaltyt er bi a,

yttria, ITate, Vg | . .nja, .are also effective when present
in an am?g nt d@&%‘ggﬁ?ﬁ@ﬁ#g& rgﬁgﬂéﬂégg%{éﬁ‘é%?m eésrcc?élh—fsb.uu&g A2 PRSY BRCaddi ti ves
can al so df¢hreseiradteristieycapabletof oqiucing thohRrail cbh@uo@f@rﬁ%%f a@Rdbdihons, such as
al kalinesearth netal oxides (e.g., MO, CaQ, SrQO BaO, other rare-earth
met al oxiPa¥d paferal: analepic %ﬁ‘@&&f,@mﬁb@@ thap of giggoniae pOze PEEDRbISER@Er ef C.

Pr ef er abl t bR : ' 30 haf ni t ant al a,
gadol 1 pi A o RLRN) kO Rond SR b R WORby LB R fronbBne . of

free path to a greater extent than yttria; an atomic radius different than that of zirconia,

more preferably greater than that of yttria, again to introduce phonon scattering; and a
valance different than that of zirconia to introduce oxygen defects at a controlled
level, providing another phonon scattering mechanism. Yttria can also be used as an
additive oxide to zirconia for purposes of this invention, though preferably in amounts
- greater than 7 weight percent (for example, 20 weight percent) if it is the only additive

( ; oxide since the thermal conducﬁvity of YSZ decreases with increasing yttria content,

| Effective amounts of ytterbia, yttria, neodymia, lanthana, and hafnia are believed to
be, by weight, about 1% to about 65%, with additive oxide contents above about 50
weight percent yielding low-conductivity zirconia-based compounds such as
pyrochlores, e.g., lanthanum zirconate. Tantala, gadolinia, erbia, and dysprosia, used
alone, in any combination with each other, or in any combination with ytterbia, yttria,
neodymia, lanthana, and/or hafhia, are also effective when present in an amount of
about 1 to about 65 weight percent. Other oxide additives can also be used if they
meet one or more of the above conditions, such as alkaline-earth metal oxides {e.g.,

MgO, Ca0, SrO, Ba0), other rare-earth metal oxides (e.g., CeO, Smy03), Nb,yOs,
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about 7 to about 14 wei ght percent, with the bal ance essentially zirconia.
Dependi ng on the conposition of the interior layer 32, an underlayer (not
shown) forned of YSZ (e.g., 7%SZ) and having a thickness of about 0.5 to
about 2 mls (about 10 to about 50 mcroneters) may be desirable to
pronote the adhesion of the TBC 26 to the substrate 22, thereby inproving
spal | ation resistance. Various process and conposition-rel ated approaches

can be usEED}!I,0NIE® $chO;. efl. fﬁr@fe?iibfly,{ﬁt{-i%gﬁ& %@)% ﬁéo%tj’ilﬁlt%ﬂ‘% i nterior

and outer surface regions 32 and 34 0 , a I e discussed
bel ow. Thkafgientootsla, gadmingd, ertie andfpir dpspr@da am grSénniny cobnshihddenicueds

(resulting i on nt . osition throughout t TBC 26), have the sane
base conp SolluP 7 g%&l%lf E%B"(ﬂéﬂ? ggrcﬁ?tt WI@&QMW%QSWGPPQ&?HW% QF@e’éﬂlﬂg erent x
base C_Oni’ﬁlpﬂl'bfcbﬁp_ﬁsiﬁbﬁ of @ ifiteHbiRFer3?, ﬁf‘ﬁ]d%fllag?\(ﬁolt ﬂ%wﬁ?%ﬁm%& gPeRLt! on,
processin modi fications nust be nade to result I n the denser '

m crostr L@tﬁ»ﬂé’ﬂfﬁg) abhavatg & thickpassarf abeutr(f Sitveaboay? onilsIdbout 10 tdebonegi ons 32

and 34 h onmpesj tion, mnor chem st di fications can
pe. made ¢ PIASERET a3 HE SRS o promanathe alhesib s THEDS tathe usi on

pr ocessessubsteat 22 Théreby Inaproems spalldde réfidsical | 1 zation front, causing a
maj ority of the inter-columar gaps to decrease during the deposition

process. . Exanpl es of such chem stry nodifications include additions of

ni ckel , t YIS BRRcesandsompesiiondelsied mppiopchss icare be needdnivhtairethsi nt er i ng

pr ocessesy;firehi Sy | : |4 of. _the.outer surfa reqi on 34.
Finally, S‘ﬁ teﬁeﬂlﬁ])t er icgl?ésan OS@;@&?S# adc%ut%r %%F%ﬁ?‘%“f%&ﬁaﬁgﬁ og f or med

of diff erBBE 2bamevitidentisiuticdieiov. NEhatsnosBions SEMeTEAbANB2 Al JaRape f or med
of: a nore erosion an act-resistant. ceramc material, such as”™ YSZ and

arti cul |19eﬂtﬁalt(ﬁeéuggl:$d 3SPSIER GPIPYRHtion thsoughout thedBRSZ 26)whasisdhe
o 1 cat e e BRI oA TR IRIER o ele BIRGERDSE | an
i nvest i gwpmpnsitiem;iim@etmgipm 32 ami/®hhaverthe 345% coBpasithoay prigesdingom nal yttria
b1 cknesgiedRgHons BiEt e o BRiia s dasmriroste mess s dhesmiss] L ed on
gl g %S ggc is% rggi?ﬁ AR 10the REAENN? LB HAR 1EARRTHakd Qd}nﬁgsiﬁo?l}/m‘ﬂ%ir ght, about
chemistry modifications can be made to the outer surface region 34 to enhance surface
- diffusion processes and promote flatness of the crystallization front, causing a
majority of the inter-columnar gaps to decrease during the deposition process.
Examples of such chemistry modifications incInde additions of nickel, titanium,
chromium, and/or their oxides to enhance sintering processes in zirconia during
deposition of the outer surface region 34. Finally, if the interior and outer surface
o regions 32 and 34 are formed of different base compositions, the outer surface region
- 34 can be formed of a more erosion and impact-resistant ceramic material, such as
YSZ and particularly in the range of about 4%YSZ to about 8%YSZ, whose
microstructure can be densified by making appropriate processing modifications

during deposition of the outer surface region 34.

In an investigation leading to this invention, YSZ TBC’s having a nominal yttria
content of about seven weight percent were deposited by EBPVD to have thicknesses
of about 150 micrometers. Each of the TBC’s were deposited on pin specimens

formed of René N5 (nominal composition of, by weight, about 7.5% Co, 7.0% Cr,




:
\

8 6.5% Ta, 6.2% A, 5.0%W 3.0%e, 1.5% M, 0.15%Hf, 0.05% C, 0.004% B
0.01% Y, the bal ance nickel and incidental inpurities), on which a platinum
al um nide (PtAl) bond coat had been deposited. The mcrostructures of the
TBC s differed fromeach other primarily as a result of nodifications to

t he EBPVD process (e.g., deposition tenperature, deposition pressure,
rotation). The conpositions of the TBC s were varied by small variations
in the yt§s%aTLement, 0 o t /or additions
of small anounts (/ﬁ t%@%m?grﬁ&pg%’g%‘%‘? OV‘S@H[ Q@A’@%rdé)ﬁ ha, hafni a,

or tantal %Ol%ﬁlth@bﬂimesuw encﬂmpmlsnﬂabnlnmmﬂiee)ﬂah)mm 4 slatinuh cr ost ruct ure

bef t . and t est On the b f
Chis anal Sunisia @HAHTAT &%ﬂ]@gﬁ‘é‘ﬁﬁ%%rﬁﬁ@ﬁﬂgﬁgﬁu%ﬂ%smmﬁctsiﬁ'ei based
on the cdifforeddFont yaohftﬁhér%’hﬁ@ﬂy RES Reslif of RO c3iOnsBlk 9D%hrbdle SPaci ng

bet ween adj acent _grain columms. The coating mcrostruc ur es are sunmmari zed
bel ow i n (F@bldspositionTamperaturexdeppsition mesﬂué)rodaoﬂolﬂmroﬁ@amhens/oﬁhé um

Sl | M s CRaverY s sl Ve tons S i et houslin ook Gpenditol ums 3
7 0 Medi yerdéas ahlﬂ/oia&hﬁln‘i&ﬁ%maﬁl%ﬁd%ﬂfs%(ug% sz%f)esl%elﬁt 8%‘%‘@&5% Sgﬁ![ | Lar ge

Signifi cant Large 4- Open feathers ma
4- Open f #ithees afmlaiommr@@eﬁﬁselve EBG sywae3lepnsited aﬁdgmljfzedefnt Large 4- Qpen

 Taz05 1.0 TGty bpIE e KRR SR i e e e~ T

of this analysis, the TBC’s were numerically assigned one of five types based on the
(- columnarity and featheriness of the grain columns and the spacing between adjacent

- grain columns. The coating microstructures are summarized below in Table L.

TABLE L

Yttria Third Oxide Column | Feathery  Column Microstructure Type
No. (wt.%) _ (wt.%) Width Gaps (# - Description)

1 6 0 Small Minor No 1-Closed columns
2 7 0 Medium Minor Small 2-Open columns

3 7 ‘0 Medjum Yes No 1.5-Closed,
feathery columns

4 7 3.9 La;03 Small Significant Large 4-Open feathers

5 7 53 LayOs Smail Significant Large 4-Open feathers

+1.7 Taz()s

6 7 5.0 Yb,04 Small Significant Large 4-Open feathers




2.4 HHFO2 9 4 0.1 to Medium Significant No 3-Dense feathers 3.9 Ta2( 10 4
0 Medium Significant Small 3-Dense feathers 11 6 5.0 Yb203 Small M nor
Segment 2-Qpen colums 12 6 5.0 Yb203 Medi um Signi ficant Segment 4-Qpen
feathers +C Scanned i mages of coatings 1 and 2 are shown in Figures 3 and
4, and illustrate the differences in what are terned "cl osed col ums" and
"open colums." I npact and erosion tests were conducted on the speci nens at
hi gh tenpérat gres $abiD. 12RRAQumnNihi as itige Mach 0.5)
whil e subjected to ahgjaérgi cul ate rrg;tlgl?igg?ﬂi n}weég%@g |ﬁ$§pe§1ﬁgﬂé§§ stream An
al um na powder with an average particle size of about 560 m croneters was
used to eval uate ifipdcta2Pesi st ance, while an todlargé na powder with an
average particle size of about 50 m cronmeters was used to evaluate erosion

resistancg. The spggigrens a At rgte of apaut 500 rpm while
subj ected to the h?'glrt\(;?el oci §yd%%§m§ﬁga1§%ﬁ erosi on a&-qun%ge@e si stance |

were neasured in terns of the nunber of grans of erodent required to wear

away one m | (abcl# Hf®,m croneters) of TBC. The results are reported in
Table Il below. TABLE Il. 10 Specinmen Erosion (g/ml) Inpact (g/ml)
(Coatiniz) mn. m n. .1 160 180 290 300 2 136 155 77 116 3 142
160 214 268 ‘E sgargb“m 64%‘@5‘“’45%@ te Ng 92 553-Pgnse feathers

_3.9T3205

10 4 0 Medium  Significant Small 3-Dense feathers

li 6 5.0 Yb,03 Small Minor Segment  2-Open columns

12 6 5.0 Yb,04 Medium  Significant Segment 4-Open feathers
+C

‘Scanned images of coatings 1 and 2 are shown in Figures 3 and 4, and illustrate the

differences in what are termed “closed columns™ and “open columns.”

Impact and erosion tests were conducted on the specimens at high temperatures (about
1220°C) and high gas velocities (about Mach 0.5) while subjected to a particulate
 material injected into the gas stream. An alumina powder with an average particle
C size of about 560 micrometers was used to evaluate impact resistance, while an

alumina powder with an average particle size of about 50 micrometers was used to

evaluate erosion resistance. The specimens were rotated at a rate of about 500 rpm
while subjected to the high velocity powder. Both erosion and mmpact resistance were
measured in terms of the number of grams of erodent required to wear away one mil

(about 25 micrometers) of TBC. The results are reported in Table T below.

TABLE I1.
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7 112 112 75 93 8 162 --- 300 --- 9 187 --- 395 --- 10 -------- Not tested
------- 11 107 125 89 107 12 100 100 50 50 Nurnerical analysis associating
erosion and i npact resistance with mcrostructure type showed that, when
all coating characteristics were considered, dense coating mcrostructures
Wi th no gaps between colums (e.g., the "closed colums" of coating 1
shown in Figure 4) typically resulted in better erosion and i npact

per f or manggeditia NOr R atin ] ctures with gaps between

col ums (eﬁz., t he "opengbgg?ﬁﬁgs" of @o§?3§%ﬂ§ shown in Figure 3).

Not ably, those coatings identified as having "dense feathers" (coatings 3,
8, and 9){Ggatagher f or M. ver ymas) | , imidi catiax, that spacing between
colums was the nost critical feature with respect to inpact and erosion
resi stancg. Al so, the tter- form de coating mcrostructures were
11 obtaingd as a resuﬂ?ﬁof nn§§¥icat9%ﬁs tgiﬁhe EBPVD process, particularly
tenperatures of about 1000C, pressures of less than five mcrobars, and
rotation 3peeds of abdgdt foutsto six7ypm ({filgough inportant, variations in
yttria content and additions of a third oxide had a | esser affect on
mcrostrugture. In a zﬁgond i nvestigation, the extent to which EBPVD
"~ depositi t enper at ur an bel®Wsed £2d4cont368i coating mcrostructure was
assessed with YSZ TBC s having a nominal yttria content of about seven

wei ght pefcent. The coghi ngs vgye agagﬁ depgsi ted by EBPVD to have

t hi cknesses of about 150 m croneters. Each coating was deposited on a pin
speci nen fornmed of Rene N5, on which a PtAl bond coat had been deposited.
The microstructures of4¥he outddr surféfe re@glons of the TBC's were C°

pdified relative to the interior regions of the coatings by increasing the

ower of 4he electronsbeam wh,l e depgsiting,the final twenty-five
nicroneté%s of the coa ?ngs.m?%e 55 93

7 112 112 75 93
8 162 - 300 -—
9. 187 -— 395 -—-
| L Not tested - - -~ - - - -
11 107 125 89 107
12 100 100 50 50

Numerical analysis associating erosion and impact resistance with microstructure type
showed that, when all coating characteristics were considered, dense coating
microstructures with no gaps between columns (e.g., the “closed columns” of coating
1 shown in Figure 4) typically resulted in better erosion and impact performance than
more porous coating microstructures with gaps between columns (e.g., the “open
columns” of coating 2 shown in Figure 3). Notably, those coatings identified as

- having “dense feathers” (coatings 3, 8, and 9) also performed very well, indicating
that spacing between columns was the most critical feature with respect to impact and

erosion resistance. Also, the better-performing dense coating microstructures were
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~ el ectron beam power was held at about 2.5 kWduring deposition of the
interior coating regions, after which power was periodically increased in
either five-second pulses to about 18 to 20 kWor ten-second inpulses to
about 15 to 16 kW(and therefore | ower power but higher energy). Figure 5
and 6 are scanned i mges of a coating whose outer surface region was
deposited with the ten-second pul se technique, while Figure 7 and 8 are

scanned igHRARE Afa ReORhOHFUARRS Ot HBIHD | ited with
the five-second paul Sse technilque. Frgltr(ﬁ% gur@g&gssfhgljgh‘%ﬂ%&% och
Fi gures ®fahoutd 080%C, pegmints efilesscihim fise oficrbbars,cmd rotation sjreddiof abokt gur es 5

and 7, r ectively).. it,can be seen.that the coating deposited w th higher
el ectron%'%etgrﬂxewgf!g qugh yap N&‘r‘?&“@‘}SIPé@HF‘F%@eﬁ‘Wg additiong of ¢tk and
denser Qgrogide kdrauedsky Stect ¥idiGoithRngeat i ng deposited with | ower el ectron
beam energy (Figures 5 and 6) was not as columar and had nore

wi del y-spaced feathery grains resulting in a nore porous mcrostructure.
Fi gures 9nagecond investigationnthe gxientigeshioh EBRYThdspositiat iteroperatpesciandre deposi t ed

in the s BAREL wi-th . the final electr oyer, increased in 10
second |?rlpg€q sesH gt ng{é{lﬁméchthﬁg#ﬁsaﬁﬁegév@n%%wS ill\gw?%aevi dent that
the out emostitidl Fifla tagendf GBERIsBvenabE At piccit. CTIRI®LBASs WelBhinkness) of this.
coating specinen_was fully densified as a result of the hirgher el ectron

beam powdeEPostRg by EBRVEX to hsive ghieknesens of aboutd §0 mierometeds. UBachgsoating cker s

pyram d ' 12 | dn readi.ngs, i.ndi cated that the
interi or\MraéIgE;;iiB nsgtk% X%ﬁ S%Iﬁerrllgfgﬁﬁ%d %eﬁgggﬁ%gﬁb@%’ﬁ Pﬂ%tq'@fider of
about 3 beerbdpofiRal. The@sierostradtineg of Weldutdd @RFR e réSbhBRhe THE9SlfFdICt Ur €S

epresent e%i% FL}gur es_7.and 8 had hardness readings on the order of about
"to 7 CBY TRty ishe fiteprapgonpeidhe geatings hy inceensingdhepewenafhesent ed by

Fi gures L LM.J.ar: he regadi ngs f t he
i nterior élre gg?%ﬁgﬁg?h?ﬁg%ggﬁgngs. %oqﬁglzt lr?e‘}r?t lﬁ%‘)%ile&er{s gfﬁlglclog " that
coat i ngseleatvombeantporge s hehdaabout. DRW dring depogitied 6f theehtbot hi s i nvention

for the outer surfac& regli%on 34 can be identified by hardness testing. In
addi t i on PG EHALS allerS powe| was hepledwally increased 1 is1tber fivesesordr surface

regi on 3fulses to about 18 to 20 kW or ten-second impulses to about 15 to 16 kW (and
therefore lower power but higher energy). Figure 5 and 6 are scanned images of a
coating whose outer surface region was deposited with the ten-second pulse
technique, while Figure 7 and 8 are scanned images of acoating whose outer surface
region was deposited with the five-second pulse technique. From Figures 5 through 8
(in which Figures 6 and § are magnified regions of the coatings shown in Figures 5
. and 7, respectively), it can be seen that the coating deposited with higher electron
( beam energy (Figures 7 and 8) resulted in a more columnar and denser grain structure,
| while the coating deposited with lower electron beam energy (Figures 5 and 6) was
not as columnar and had more widely-spaced feathery grains resulting in a more
porous microstructure. Figures 9 and 10 show scanned images of another coating
specimen deposited in the same manner, but with the final electron beam power
increased in 10 second impulses to about 24 kW. From Figures 9 and 10, it is evident
that the outer surface region (again, about 25 micrometers in thickness) of this coating

specimen was fully densified as a result of the higher electron beam power.

The hardness of each coating was measured using a Vickers pyramid with a fifty gram
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can be achi eved by adding small amounts of nickel, titanium chrom um
and/or their C. oxides, which are known to enhance sintering processes in
zirconia. Suitable anpbunts of these additives are believed to be on the
order of about 1 to about 2 weight percent of the TBC material. The above
I nvestigations were conducted with YSZ TBC to characterize the types of
coating mcrostructure associated with i nproved erosion and i npact

resi stanchad. HawessrB%ifig in@RAM Ghdt Vid inRSioP RbHs JPYIl kBhthdsRYgNt i on can be
achi eved by substitutin a low thermal conductivity ceramc material for
YSZ wi t hi hardpgss readings en%ree@'d@rnofcaboweto STBGPaFThosd dvatingswith dexdet ai ned wi t h

YSZ coati |t | uded t hat, .J.nproye s,in erosion and | npact
resi st ancéﬁ%gﬁhﬁlg%gogﬁﬁ%\g%a Lﬁ%r? %eng{a%d)é’ r%g'llfr ©s g&g& gﬁi‘ﬁﬁi hﬁ’idEF%er?‘ﬁ%gslﬂ”ethﬁt t he
out er sur émdeeoftabgitairtoof GPhewTB hosWk HeGAsre YordudSnictoRtrddie Mt erial used,
I ncluding those ceramc materials known to have | ower thernal

conduct i vicpreagntestiey Biguees |Sandr6 kaddwrdness repdivgs sipslas toethe ecarligs ffSEe Wth this

approach,: I rnal; o | vities. and i ved.er qsi on/i npact

resi st an’clgtéili?f)t%sggﬂ?h“{@l? S\'/en%%%%ue gﬁ' lglé%gﬁ?ﬁfgﬁéﬁé’%@f%? ¥igeved by

usi ng a |densé bdnmmir micoosductiiesiprafefred Byrttes IRERIdnor IHa/RUFREML et he TBC.
Whil e the inventiop has been described in terns of a preferred enbodi nent,
it is aprﬁﬁ‘l‘)@% cap ¢ 1sptilied by hardness dgstinge adopt ed by one skilled in the
art. Accordingly, the scope of the invention is to be limted only by the
follown i [ . kel i Qn.a rface of a
corrponen'%[,n %P ﬁ%ﬁtﬁ F}%é%%l S%grr eg,?seéd?tﬁ%‘ﬁ%n@%ﬁgeﬁ%&tgﬁ Oﬁﬁ?él?r?%ﬁ r?%‘@ﬁ‘g formed of
a cer ani ccambeechiavedsyy adingosnmlaneuntovfarickehaltaBhme ehiehhiidn Vdndyor thdhan

(ZT_;r coni aﬁ&iitiaiﬁl st.abi |l i .zed, by about seven wei ght percent yttria, and an
uter surfatE W 8%?'&}“’8??’“&13&“]6 SHfSTING PrPResseR ibZireonia- cYpitshlemepuntsy med of a
ceram C rgFyRisk additivdiird he ' ' Lymar

m crostructure whereby ?ﬁ{eﬁieél%oe??%éihr%gaﬁy(%%t?ﬁ%hg%{t?r&&gﬁr Tt regi on
conpri se dfdheubd@magerialns of their ceranmic materials; the grains of the
interior region and the outer surface region being oriented substantially

normal t %h%%ﬁo@e%@gsﬁgat?gnst&e%e conducted with YSZ TBC to characterize the types of

coating microstructure associated with improved erosion and impact resistance.
Lower thermal conductivities sought by this invention can be achieved by substituting
a low thermal conductivity ceramic material for YSZ within the interior region of the
TBC. From the results obtained with YSZ coatings, it was concluded that
improvements in erosion and impact resistance can be achieved with a denser
columnar microstructure at the outer surface region of the TBC, regardless of the

(‘ ceramic material used, including those ceramic materials known to have lower

thermal conductivities but also lower erosion/impact resistance than YSZ. With this

approach, the lower thermal conductivities and improved erosion/impact resistance
sought by this invention can be simultaneously achieved by using a low thermal

conductivity ceramic material throughout the TBC.,

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. Accordingly, the

scope of the invention is to be limited only by the following claims.
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conponent, at |least a portion of the columar mcrostructure conprising
feathery grains, the grains of the outer surface region being denser, nore
columar, and nore closely spaced than the grains of the interior region,
the outer surface region being nore erosion and inpact resistant than the
interior region at least in part as LRyt of the grains thereof being
nore closely spaced than the grains of the interior region. 2. A thermal
barri er-cogt'@g aﬁﬁaor.di nag_ to claim1l, wherein the ceramc nmaterials of the
interior r de roRh PR SoFig 8P @ SHfaCe Rl commPRRL Hisisrmpldamisheoating iy et | on. 3.
A thermal &sinkharegi@oioing ode catslicigndnl & AidRale 2 WHRF Bkind B&dhdgtyal barrier
coating copsists . essq&ti EJIJ %lijaOf zirconia and at | east one of ytterbia,

TR Ei

yttria, nedayHicama paf Prfbgut spveR sight Peregaigdikiamng an epte surfacgnd
dyspr osi a. region An iddebimdting e lihtior ¢QAdH A8 fRFEOHH REntiOmekAiMhSiheer €i n t he
ceramc na];eri al nterior region and the outer surface regi on have

. 0f the | ! .

the sane comn%eég?aslp% PVing a cﬂ\i“PWérr’ﬁ‘ﬁfos ? Wherehyhs ntsriaegieanatfhe ool ai m 1,
wher ei n t harfhdeeegial compfisd RhnteddrhingoliBdSicsdnic mBSSAL) edrdiks SHihZhks@Ni a,
yttria, and .at Ieiglst one_of é,t't %r_bi a, neodym a, |anthana, hafnia, tantal a,
gadol i ni a, EPHIE NCGier irtass rsgion beige orientad sibsiantialiynemaal tothe syrfree efdbor di ng to
~ claim 5, wompeicnt, kfleastEforitn®f fRceTuhbksmidfosthitfire dofipRiking FealiBS) RAndRE the

out er surfgaces I iog} hatsg/e t he sanme conmposition. 7. A thernmal barrier
coating adtordi ﬁ%otu T Y arSedion dPREr IR RUYERAT.And g1ogs Slosely spaced fhan

interior rigrains @it ihtloreeti, the Wil SR EAGEIONbALY O RANE abdBpad e
conposi tiqn, rrier coatl nq accor di ng to claim?7, wherein

14.8. . A t her mal ba1 ] |
the out er "EH/RLEE tP%E)’lﬁe&ﬂr TEBAE Y st igpart peaepulig] thegraipy thereef bemp mem um
chrom um chedly spatedaBantiieegrsitd of tedidtelibEekiph.eri or region is substantially
free of nickel, titanium chrom um and oxides thereof. 9. A thernal
barrier coating according to claim1, wherein the interior region of the

thermal  BaA ticfial baitr D@ ingRBSIEGhS 10R%FAN WRrbiY tHelerRinl GRALMISHHAL | east one

of ytterbia,.yttria, neodyma, |anthana, hafnia, tantala, gadolinia,
erbi a, anHl%%ngelgﬁgia‘é\q tﬁ%ﬂ‘ﬁgr\ﬁﬁ&?‘i?ir‘?ﬁ‘?“r@"%@?é?m"s“t?’r’ﬂlpa%‘éonr- egion consists

essentially of zirconia partially stabilized by yttria, whereby the ceramc

materials,of . the interior region and the outer surface region do not have
the same é léniza? qugr coating according to claim 1, wherein the thermal barrier coating consists

essentially of zirconia and at least one of ytterbia, yttria, neodymia, lanthana, hafnia, tantala,

gadolinia, erbia, and dysprosia.

4. A thermal barrier coating according to claim 3, wherein the ceramic materials of the

- interior region and the outer surface region have the same composition.
* 5. A thermal barrier coating according to claim 1, wherein the thermal barrier coating consists
- essentially of zirconia, yitria, and at least one of ytterbia, ncodymia, lanthana, hathia, tantala,

gadolinia, erbia, and dysprosia.

6. A thermal barrier coating according to claim 5, wherein the ceramic materials of the

- interior region and the outer surface region have the same composition.

7. A thermal barrier coating according to claim 1, wherein the ceramic materials of the

interior region and the outer surface region do not have the same composition.

14




10. A thermal barrier coating according to claim9, wherein the outer
surface region consists essentially of zirconia stabilized by about four
to about eight weight percent yttria. 11. A thermal barrier coating

accordi ng #c° tiemahbarienghatingiapcording to alain 7,0rheradgihe nutef sutfhxe réddar osatains bar ri er
coat i ng cofsd : | Y, Z1 rconi. ttrdia,. and at | east one of
ytterbia, ﬁ%gﬁﬁfgﬁaﬁ%‘?k‘gﬁé‘? Jr%g#l’m&g? x éasn%{% (%if’l,anaélﬁeolfltleﬂ?ré?gl@rlﬁi a, and

dyspr osi a, sukpantigefreq of nidkel, Waniem, chunmfiers.end egiderthereshsi st s essential |y of
zirconia partially stabilized by yttria, whereby the ceramc materials of
the interior region and the outer surface region do not have the sane
conposi t i oh.A thermahbarties certing becordingrto claiat 1, ndemotbe thiemigr tegios bfthenhadnal wher ei n

t he outer i i . tially of.zirconia partially

Stabi |1 sed h s SOLE0 LONANT b e laE o Rt bn b Pl Rmids ¥ o

t her mal balpithasa, hafg, tantglangasdolintieepia, encdyapmsid, andvbereinnhe dueer eutfaed region f ace
regi on haseodsist . as. measured by the Vickers pyramd
wWith a fi fty_-sﬁﬁ%ﬁgg’?mﬁﬁa/éaﬁﬁg’%ﬁa‘ o8 b7 St Whereby e dorami s Eiélfﬁm aimi,
wher ei-n t Hb¢ injeriarregien ansdhemnterser fich egvuide not lewe thesend egipositiar e di scret e

| ayers separated by a distinct interface. 15. A thernmal barrier coating
according to claim1, wherein the interior region and the outer surface
regi on ar &0ndtheana pmiercoptingecenrdingitoataim Aowhesen treatedsisfcercglbs tdnsists

Lot aceetialpo AROMRLEBMLT InaP AL ILARSAL LR RCL Yl 1. Vher el 1 he

interior region and the outer “surtace regio ’i“hery grains, the
grains of the interior region are nore feathery than the grains of the
outer surfiacembeo BitrierdBiide e of rains. of .the outer .surface region
are denser and | €ss por ou*sntgt.ﬁcé)noqlt?%tg%}eéé ’h“zﬂ?ef/el'b@gimrtf;snocljfegfoﬁé’fﬁ"ﬁf}@ﬂ‘ r region.
15 17. A biEereeptingsepsissy essentiallyred ziswoir giragartiat ehabne df yttwbiay @bdyrihe out er
surface regingi 8083, Wl S8R Dnieakher rains. 18, A thernmal barrier
coating on a surf a_c’e&gé al_’ag?1 gfg%lg‘f %P]ﬁ’i a?#ei tfi%s gcfsgr%éanél o“%n%(r)eﬁ%%lf outpr RrfGeLg LN

barrier c8srEgssenially pirirgpnip partallystabilieg iyrytaindvisnebyuliesterasiv haegaly €gi on on
and .cont agkifGick BSionlaRi Bl oR1k 1Qn.. the interior region. and the outer
surface region bgli.%lr?ga (?scroefe{asru?géreg?ﬁl%n ‘Itpoali})é{r}%"e ﬂléeesﬁlgﬁﬁ SB9%a di sti nct
interface, the interior region consisting essentially of zirconia and at

| east oneypf [ L0 m | ant hana, hafnia, tantala,
gadol i ni a{:}?&%‘%@,@f an c%’é%%%grldgl,%w%%m%aﬁé?”ﬁ% m er‘?‘fteérsur?aﬁﬁfe’lg'r?ﬁ “Agng a
col umar - ‘??F@F@B’tqf gcamacparitally ethbiliteld &y attuefouoto about eight weight percent yttria.

13. A thermal barrier coating according to claim 1, wherein the outer surface region has a

‘hardness of at least 6 GPa as measured by the Vickers pyramid with a fifty-gram load.

- 14. A thermal barrier coating according to claim 1, wherein the interior region and the outer

surface region are discrete layers separated by a distinct interface.

15. A thermal barrier coating according to claim 1, wherein the interior region and the outer

surface region are not discrete layers and are not separated by a distinct interface.

16. A thermal barrier coating according to claim 1, wherein the interior region and the outer
- surface region comprise feathery grains, the grains of the interior region are more feathery
than the grains of the outer surface region, and the feathery grains of the outer surface region

are denser and less porous than the feathery grains of the interior region.
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region and the outer surface region conprise columar grains, at |east a
portion of the columar mcrostructure conprising feathery grains, the
grains of the outer surface region being denser, nore columar and nore
cl osel y sphtédherimalbatrfee cqpting meording td@aiinrit, ehérdin theagited Burfact RgioUbRMmos Ur f ace
regi on bei Qg oLEn glgjngn and inpact resistant than the interior region at
| east in part as a sul't of the grains thereof being nore closely spaced
than the grains of the interior region. 19. A thermal barrier coating
accordi ng {0 AGhaAlMpk8; (N interior.regi.on and the outer surface
regi on have the s.ar?e%ggxﬁ%gﬁﬁe nlaostrl\lfttgcfd) ?aﬁ\asttﬁr Plﬁﬁgglﬁea?oﬂpg?enﬁghrftt#er‘iﬁ‘alaccor di ng
to clai m 1Byrispketiag kavingan dwerpo sigidnand af owtdreurfet epionion aidgnattinike t he out er
surface regi.Q8 heCon tai ping about 1 .to about 65 weight percent
of at |east one %" c’ilt_l{e_i(&gge_ﬁogﬁ(\gﬁ)e ac%ogé’nerfsrugfu SRR &{%Beges‘iegaﬂlg A
ytterbia, syparatedhy aistiggirintarface] thointeeiovaregiradonsisting csntialyaf zigagiehnduta, er bi a,
and dyspr Qsis@one ddvitehdi - Eri.er coati.n cording to claim18, wherein
the interior rngg?-%tn elléngﬁ{lﬂg %agﬁﬂeat’ iansﬁr%afgagnela’?%%? %rga%%mﬁo?r&ﬁ’eﬁl} the same
conposi t i ohispresi, tha thetmal rariebeartingdnviog atélmgnaadaddivamrd whesdbgit®iRdriorwher ei n

the outer siif.36864| ] essentially of zirconia partially

st abi | i zeéé%{/n ago_ltj'to‘a%k %lgfag%%%f’ I§ énv%lls% UEr Ergﬁ'f’aﬁt/{e?sr‘tia&f’m?%?ﬂiet her mal
barri er :¢&ampY nHgresTudiurgeomprisihgfeathdr graisgthe gmink bthe vatermarfak rédive i Nt eri or
region apg. the ouh ion.are oriented substantially normal to
t he surfacen%f t e %ﬁ%&%ﬁ% ﬁd &5%.0%/&61{{ PREF tha’%ﬁ? Fep O’i%%ir‘?eﬁﬁrrﬁg@&r ding to
cl ai m 18, theteuicesunfaceregipmbaing wore ergivn adimgad: haistnt thin the intdiacegibegi on

conpri se 1;-41]5551 gr.ai : ins of the .interior region.are nore
f eat hery Fetgﬁan tﬁggé%gﬁgﬁfsth%?&{ngg%}gﬁ SredtYs l§<(Eseetiyr Sé’@‘fegﬁ},‘anglﬁc?r?‘??e&#@at hery
gr ai ns of infdsier isgiowr surface region are denser and | ess porous than the
feathery grains of the interior region. 16 25. A thermal barrier coating
according to claim 18, wherein the outer surface region does not contain
f eat hery i themaligurieAcodtiog ecbrdogne tleim Boevhérsig tanin@ristutfiacaddie dategomponent ,
the ther ! t Vi an interior region formed of a ceramc
nmat eri al n%gfag%gélgﬁﬁagggéghp%\?\%?mf gl}'mal conductivity than zirconia
partially stabilized by about seven wei ght percent yttria, and an outer

sur face 9 4 thermal barrier coating according to claim 19, wherein the composition of the interior

- region and the outer surface region is zirconia containing about 1 to about 65 weight percent
_ of at least one additive oxide chosen from the group consisting of ytterbia, yttria, neodymia,

lanthana, hafnia, tantala, gadolinia, erbia, and dysprosia.

21. A thermal barrier coating according to claim 18, wherein the interior region and the outer

surface region do not have the same composition.

22. A thermal barrier coating according to-claim 21, wherein the outer surface region consists

essentially of zirconia partially stabilized by about 4 to about 8 weight percent yttria.

23. A thermal barrier coating according to claim 18, wherein the grains of the interior region

and the outer surface region are oriented substantially normal to the surface of the component.

24. A thermal barrier coating according to claim 18, wherein the interior region and the outer
surface region comprise feathery grains, the grains of the interior region are more feathery
‘than the grains of the outer surface region, and the feathery grains of the outer surface region

are denser and less porous than the feathery grains of the interior region.
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region on and contacting the interior region and formed of a ceramc
material that has a different conposition than the ceramc nmaterials of
the interior region, the interior region constituting nore than half of
the thickness of the thermal barrier coating and the outer surface region
constituting |l ess than half of the thickness of the thermal barrier
coating, the thermal barrier coating having acolumar mcrostructure
whereby the interior region and the outer surface region conprise colums
of their ceramic materials, the colums of the outer surface regi on being

nore closely spaced than the colums of the interior region, the outer
resistant than the interior

surface re be| nor e .er osi act
i eas P enna[%gﬁr coaging ?c‘?rg'é‘ﬁ (e e n]]tj S whergip theputer weleesreiprlery nefor e

regi on at
cl osel y spaowih fedtbary plams.col uims of the interior region. 17

26. A thermal barrier coating on a surface of a component, the thermal barrier coating having
an interior region formed of a ceramic material so as td have a lower thermal conductivity
than zirconia partially stabilized by about seven weight percent yttria, and an outer surface
region on and contacting the interior region and formed of a ceramic material that has a

- different compbsition than the ceramic materials of the interior region, the interior region
constituting more than half of the thickness of the thermal barrier coating and the outer
surface region constituting less than half of the thickness of the thermal barrier coating, the
thermal barrier coating having a.columnar microstructure whereby the interior region and the
outer surface region comprise columns of their ceramic materials, the columns of the outer
surface region being more closely spaced than the columns of the interior region, the outer

- surface region being more erosion and impact resistant than the interior region at least in part
as a result of the columns thereof being more closely spaced than the columns of the interior

region.
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