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 formed of | oner thernal
conductivity than yttri a- S?I—%ﬁ{@ze %%?JOW and an outer surface
region that is nore erosion-resistant than the interior region of the TBC
(2) DESCRBRUKBROUNHOREHETRVBEARIOBdponents within the hot gas path of
gas turbi ne engi nes are often protected by a thermal barrier coating
(TBC). i I of ceramic materials deposited by plasm
sprayi ng, a)l gﬁé’imwﬁﬁﬁﬁl cal vapor deposition (PVD) techniques.
Sprayi ng techni ques deposit TBC material in the formof nolten "splats,"”
resul tingThi lﬁveﬁa&g&@&aﬁtﬁmeﬁs cOMirfs $LoRBoREnts BXRIBORNGEA Y and porosity.
TBC s enpl oyed hi'ghest tenperature regions of gas tTurbine engines
are nost tmpermtugesuch axdie bystivy/therpalranvionmentyof @l gas turbine pegine.PMor¢ EBPVD) |

expand andensnepkcidrvarlor iAo Thmdl e ate aiafngd 0o ° '

spal | at i oBelufbinfi hirotRIctiNE) A in¥eE6raBEioH ForaicdiSofGaserddtic nidtaihll M 10wkng ot her
atom c and nol ecul ar_ vapor processes, such as sgutterl ng (e.g., _high and

| ow pr ess theamalconderiivaty dhancairiarstebiizgedgingamin (Y3 aﬁdasﬁatea@p&ffw%@n and al |
fornms of i V. s (e.qg., laser nelting,
etc.). Va?fﬁ%ssrﬂ%g%g%c% %a%@ﬁ%ﬁ‘?“%gg%ﬁ@éﬁmﬁﬁ%%s %eas TBC s, the nost

wi dely used being 1 zirconia (ZrQ2) partially or fully stabi | | zed by yttria
(Y203), mEHYnPEBERINGION O THERELATER@RTto yield a tetragonal

m crostructure that resi sts phase changes QO her stabilizers have been
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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, particularly electron-beam PVD (EBPVD), which vields a strain-
tolerant columnar grain structure that is able to expand and contract without causing
damaging stresses that lead to spallation. Similar columnar microstractures 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.).

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



oxi de (Sn203), and ytterbia (Yb203) (copending U S. Patent Application
Serial No. 10/064,939). Yttria-stabilized zirconia (YSZ) has been the nost
wi dely used TBC nmterial due at least in part to its high tenperature
capability, low thermal conductivity, and rel ative ease of deposition by
pl asma spraying, flane sprayi ng and PVD techni ques. TBC naterials that

have | ower, t her on vities S a vari.e advant ages,
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According to Rigney e en present in sufficient
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i ncreasing crystallographic defects .and/or_lattice. rains. ternary
YSZ coat i %@%&‘Y’@frﬁng ﬁ%g UyeRpse 0 %’b@ BB‘S’PﬁéPH&H’é‘g’ PRIFYIPE aﬂ‘g
(commonl y pagsigRadudd. S Patent No. 6,352,788 to Bruce) and YSZ+ niobia
(Nb2@B) or titania (Ti02) (commonly-assigned co-pending U S. Patent
Application Serial No. 10/063,810 to Bruce et al. % In addition to | ow
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required ar d artlcl s of varying sizes
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i npi ngenent can be erosive wear 2 (generally fromspmaller particles) or
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that lowers the thermal conductivity of the base YSZ composition. These additional

oxides include alkaline-earth metal oxides (magnesia, calcia (CaQ), strontia (SrO) and
barium oxide (BaO}), rare-earth metal oxides (ceria, gadolinia, neodymia, dysprosia
and lanthana (La,03)), and/or such metal oxides as nickel oxide (NiO), ferric oxide
(Fex03), cobaltous oxide (Co0O), and scandium 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 temary YSZ coating systems that have been proposed include
YSZ+hafnia (commonly-assigned U.S. Patent No. 6,352,788 to Bruce) and YSZ+
niobia (Nb,O3) or titania (Ti0;) (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



No. 6,352,788 to Bruce teaches that YSZ contai ning about one up to Iess
than six weight percent yttria in conbination with nmagnesi a and/ or hafnia
exhibits inproved inpact resistance. In addition, comonly-assigned U. S
Pat ent Application Serial No. 10/063,962 to Bruce shows that small
additions of |anthana, neodym a and/or tantala to zirconia partially
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seven wei ght percent yttria, e.g., zirconia alning one or nore
of ytt er bi@zifcdnROBytiallyesabylided Kyt @ pur weightygercent ka2 Y% YBE] cama ( Hf 02) ,
tantala (Ta205), .gadolinia (GJ203), erbj r203), dysprosia (Dy203),
and/ or yt #P@V?%g’,pme@ C1os r@“ﬁ%ﬁ???tb%éft percent yttria if yttriais
the only additive oxide). The interior region constitutes nore than half

of the thickanas de dbsitbR: if Baprof@ITBUS Wetk@kailsbly hac&hiiRu®RBicRast i tutes |ess
than half of the thickness of the TBC. The TBC has a col umar

m cr ost r uétegmal somdnetiytiosisad impwved erosiggiremstansd. t he outer surface regi on
conprise colums of their ceramc materials. According to the invention,

t he outeerpfmm%TﬁEmﬁf@hon and inpact resistant than the

interior region at Teast in part as a result of the columms thereof being
nore closely spaced than the columms of the interior region. In addition,
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turbine, combustor and augmentor components of a gas turbine engine. The TBC has
an interior region and an outer surface region on and contacting the interior region.
Both regions are 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, e.g., zirconia (ZrQ,) containing one or
more of ytterbia (Yb;0;3), neodymia (Nd,0s), lanthana (La,05), hafnia (HfO,), tantala
(Ta20s), gadolinia (Gd;03), erbia (Er,03), dysprosia (Dy20s), and/or yttria (Y,0s;
e.g., more than 7 weight percent yttria if yttria is the only additive oxide). The
interior region constitutes more than half of the thickness of the TBC, and the outer
surface region constitutes less than half of the thickness of the TBC. The TBC has a
colummar microstructure whereby the interior region and the outer surface region
comprise columns of their ceramic materials. According to the invention, the outer
surface region is 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. In addition, the outer surface region may be formed to contain less

porosity than the interior region.



the TBC preferably has a | ower thernmal conductivity than an equival ent
columar YSZ TBC whil e al so exhibiting enhanced erosion and i npact

resi stance as a result of the denser columar construction of the outer
surface region, which serves to protect the |ess erosion-resistant
interior region. Accordingly, the TBC of this invention allows for the use
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respect i vetasessitlg Modifigstioak. barrier coating forned of 7%SZ and having a
densified outer surface region for inproved erosion/inpact resistance in

accordance wth the present invention, Fi_ﬁures 7 and 8 are scanned inmages
showi ng aOthes obiestsang gdvanirgen ofidisinyediopoyillibgibetterappessiated Bemdle i vel y, of a

t her mal b?(ggoﬁ%gaglﬁém%@ﬁetmq of 7%/SZ, wherein the <coating is

character I nprove rosi on/inpact resistance over the coating of 4
Figures 5 and 6 as a result of having a denser and harder outer surface
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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 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 bamrier 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



Figures 9 and 10 are scanned i mages showi ng a cross-section and a detail ed
portion thereof, respectively, of a thermal barrier coating forned of
79%SZ and having a fully dense outer surface region in accordance with an
optional aspect of the present invention. DETAI LED DESCRI PTI ON OF THE

| NVENTI ON Whil e the present invention is applicable to a variety of
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augment or abardamee &ithfth@pesdng ibieAorengi nes, the invention will be discussed
in reference to a high pressure turbine blade 10 shown in Figure 1. The
bl ade 10 %lneral ly includes an airfoil, 12 agai nst which hot conbustion
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schemati cal I}/l depicted in Figure 2. The airfoil 12 is anchored to a
turbine diENiMt shown) with a dovetail 14 formed on a root section 16 of
t he bl ade 10. Cooling passages 18 are present in the airfoil 12 through

whi ch bl egsEBATLESDESCRERTION DFergE e vigdatioN om the bl ade 10. The TBC

system 20 is represented in Figure 2 as including a ceram c TBC 26
anchored with a netallic bond coat 24 to the surface of a substrate 22, the
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erosion. The airfoil 12 is protected from its hostile operating environment by a
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 MCrAlX 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



represented in Figure 2 as having a strain-tolerant mcrostructure of
columar grains 30. As known in the art, such columar mcrostructures can
be achi eved by depositing the TBC 26 using a physical vapor deposition
techni que, such as EBPVD or another atom c and nol ecul ar vapor process, as
wel | as known nelting and evaporation deposition processes. As with prior
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ceranic terials { result i ating with a.lower thermal
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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 mto a single TBC 26, reduced thermal conductivity and improved erosion/impact

resistance can be simultaneously achieved. It 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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m croneters), a suitable thickness for the outer surface region 34 is about
5 mls 6 (about 125 mcroneters). The interior and outer surface regions 32
and 34 are represented in Figure 2 as being sonewhat distinct, though the
transition fromthe porous to denser mcrostructures can be nore gradual,

or can be nore distinct as the result of being forned during separate
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be, by wei a%fj ta‘%/L Yorie ‘é{f)‘ it raaer, thag %’gﬂTCPPJ\?emSRq RIefeEdiy &reetsr above
Such as B%SE%T‘E?Z%Q qg%%‘ﬁkﬂhlﬁ@%’hﬁﬁ?%?@%ﬁﬁ%ﬁ*d“ e R R 2 erbia.
and dyspr dese pathits e@e@r@m’m fhan gtiyia;coriomtradins d:ffelnematah thdtlE zircania,i N any
combi nat | Aot p1t'e er: 151%;%%%'1;&‘ ’thf}{ltth:rlti o%’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 conductivity 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,Os,
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neodym a, |anthana, and/or hafnia, are also effective when present in an
anount of about 1 to about 65 wei ght percent. Qher oxide additives can
al so be used if they neet one or nore of the above conditions, such as

al kaline-earth netal oxides (e.g., MO CaQ SrO BaO, other rare-earth
nmetal oxides (e.g., CeQ2, Sn2G3), Nb205, 7 N O Fe203, CoO Sc2C3. etc.
Pr ef er abl y: ' d t er bi ym.a,. l.ant hana haf ni t ant al a,
gadol i ni a,&‘(e)}lg{”g*a%ﬁ@ %l%b&yéégr%gfég&gg’ preagce{ eribha’ éle%d(}%?’gg‘%h%unt of
about 7 t Gafiludntdld, padolidis, gpeiacaiiior dwkprbsih B fradennime: @mmEndd ahdvat 3F r coni a.
Dependi ng . on the conposition of the interior |ayer 32, an under|ayer (not

shown) f orthed 7dp abayt 14veeight perespicwiththe balanqerrgsentinlly sikenmies Depeadisgt 0.5 to -

about 2 mglspd THAN) : ) | o]
pronot e tﬁe adhe |olrlljoof&f;ﬁhegh%gér?g(grt%ﬂ’t%ﬁgﬂgésr%g%@g %og%)?ﬁdgrd z)gly}%lérrpr ovi ng
spal | at i offe.ge 3Vt zad hvdang atisicless eSaboanl 5 ¢co atpas 2tmhibn(abaltdilad ab@pr oaches
can be us t.0o obtai.n th different mcrostyuctur within the interior
and out er%glﬁ*’é‘?@y‘?@g@%}g& depirg t%BIOB?Ot?H’@ad;f@@Q@%ﬁ%EB\Q :_Fq toﬁE‘_’ di scussed
bel ow. TheygaaROB Hepdhy iRbrdvies §fafhidtresidaatd 34 may be identi cal
(resulting in a constant conposition throughout the TBC 26), have the sane
base conposition but nodified with certain additions, or have different
base conp@sions pigsessiand corapesstiprorelatgbanpmenches ¢ravhe uskd tosehiain domposi ti on,

processi ng: [lrggi i ' t be.made tq result. in t.he ns
i crostr ug%fare ﬁgﬁ%rgefigﬂpo%? tf%?‘en tg‘ﬁtl%?ﬂorsaﬁlafoggeé S?‘iﬁcle(fﬁglgﬂs éj%e ?nﬁ4e°frt55i ons 32
and 34 halBQ 26 as Wik bbdBeuedrbelswt T8 cofbOsifionsidTene sions BR@hA B4 alayons can
be nmade t% the .outer surface region 34 to enhance surface diffusion

&

processes NBFYVEERting i heanstadt composiligpsthemuehoutho RBE2Shthave Bigsi ng a
maj ority @;g% B%e'c?fr@?éiﬁ% HeiRbaiaee &i&%egggra ai[%isng S bk &&ereqﬁga%g Ition

process. npl e suc emstry no ications i e additions of
ni ckel , ticompositions. dfithe megions Inahid4 Halve itic sariedompbsitionjaoassiag nt er i ng

processes in.zir.conia qurin depposi tion of the outer surface region 34.
Bl Ty, oS et R i o GRRI a e e THOgr IR S 18HR OB F or mod of
di fferent shase r6Q6RI4! i 1R fogidnd B2k 84 hﬁwtfh@‘éﬁnéﬁgéc%mgégiﬁﬁfg,gn g formed of

a nore erosion and inpact-resistant ceramc material, Z and
part i cul achgmisty niedificatiges wh teboade td WeSHtercutbaueg®NBd o enlvmse 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 include 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
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,



m crostructure can be densified by nmaking appropriate processing
nodi fi cations during deposition of the outer surface region 34. In an
investigation leading to this invention, YSZ TBC s having a nom nal yttria
content of about seven wei ght percent were deposited by EBPVD to have

t hi cknesses of about 150 m croneters. Each of the TBC s were deposited on

RS L T R T N e i e S

0 05% C, 0.0004Y3 the balin0d ficke] antl énddddnsdl GapiitdsE lonamdch B platignial | mpuri ti es),
on which a platjinum alumnide (PtAl) bond coat had been deposited. The

mi cr ost r u@lmigesPtAl h%or‘ﬁB@a%ha%qeﬂ é‘FMltP‘? omheEirogsBresfithat BOS as a
| f
result o df@&%&e ﬁSﬁféa&T ﬁthtef)%ﬂﬁ‘ing?ég\é';)eﬂﬂ c_?dlq_é]a%ogs to i€ I@ﬁ?’é{%ﬁ [O0ESS, . TRC s

t enperature position pressur rotation € conpos
wer e vari ¢elgbgemsiion teapératiiay dspdsitidnhyresgtitey rodativmit Thé cdmjmitiond of theabout 7

wei ght nt) and/ add|.ti ans of. smal ] anount up, to .5 weight percent)
of ytterbﬁrg%gsl"‘)g aﬁwﬁg’l"l jVaTiationsn theyttria OPREWé é‘ﬁd@ %Weﬁﬁé‘ﬁgéi ted and
anal yzed @fcentﬁ"bﬁd/@lsﬁcfd%n@%?sﬁglflQﬁlﬁufi’tg‘{lu;ﬁfot%el H%r@éi’ft)"tﬁ‘#tt@ﬁﬁ&t and erosion

testing. the basis this analysis, the TBC's were nunerically
assi gned danghash, lafwie, Qxym@aba"wﬂveo’FBﬁlheNercdbmnai and/arahded éat her i ness of

th I d.th bet t

coat Ing. mrERSSTTIRE peee” SrEREE St TBerd ahd omap @R SRabe bR i r g
Oxi deCol unfeadd@fsikCHeUTBMs G eds hii6lidHI1S adsi Bited Gnlelof FvBRypM: becWonThe

W dt hGaps(# - Description) 160Smal | M nor Nol- Cl osed col ums

270Medi u rrnplhlmnsm ang_fegheriness %ﬁhg gersalunnsiveds e sp&-ing brfwden ddizgehier y

col ums 442i9:haRth SHPLLSINLLGanhAL SRR ASRUIY A 6 L2

Smal | Si gni | cant

TABLE L

Yitria 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 Medium Yes No 1.5-Closed,

feathery columns
4 7 3.9 La0Os Small Significant Large 4-Open feathers
5 7 5.3 LaxO; Small Significant Large 4-Open feathers

+ 1.7 TazO5

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



+ 1.7 Ta205 675.0 Yb203Snul | Si gni fi cant Large4- Open feathers 9 773.4
Yb203Medi unti gni fi cant Medi umd- Open feathers + 1.7 Ta2Cb to Large 841.8
t oMedi unsi gni fi cant No3- Dense feathers 2.4 Hf 02 940. 1

t oMedi unsi gni fi cant No3- Dense feathers 3.9 Ta205

1040Medi unsti gni fi cant Smal | 3- Dense feathers 1165.0

Yb203Snal I-M nor Segm%O?GnMeQ¥W%ié§ﬁ§@Q YRR4 4-Open feathers

Medi untsi gni fi cant Segne - Open teat he Scanned i nages of coatings 1 and
2 are shown in Figures 3 and 4, and illustrate the differences in what are
termed "cl osed col #rifETa@3d "open col ums. " |wdawege and erosion tests were

conducted on the specinens at high tenperatures (about 1220C) and hi gh gas

vel oci ti esg (ahout h 0.5) i,le syhjected tg a particul at mat eri al

i nj ect ed i%nto t he g/gzmstrea eﬂ%l% WP with ArPeSereaE™Sparticl e
size of about 560 m croneters was used to eval uate inpact resistance, while
an alum na powder 2viffm,an average particle size of about 50 mcroneters
was used to evaluate erosion resistance. The specinens were rotated at a
rate of about 500 rpm while subjected to the high velocity powder. Both
erosion afd i fApact 01d8i st ancMegditie Siguificadd Na t er ns3dlenshieathgriber of
grans of erodent required to wear away one m |l (about 25 m croneters) of
TBC. The results agg Qrted in Table Il below. TABLE Il. 10

Speci nenEr osi on (g/ m al%?rrpact (g/ml) (Coating)m n.max. m n. max.

i0 4 0 Medium Significant Small 3-Dense feathers

11 6 5.0 Yb,05 Small Minor Segment 2-Open columns

12 6 5.0 YboOs 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
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 impact 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 IT below.

TABLE IL
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1160180290300 213615577116 3142160214268 480806464 545454567 673925573
71121127593 8162300 9187395 10-------- Not tested -------- 1110712589107
121001005050 Nunerical anal ysis associating erosion and inpact resistance
With mcrostructure type showed that, when all coating characteristics
wer e consi dered, dense coating mcrostructures with no gaps between

col ums ( : he "cl s" i 1 shown in Figure 4)
typicallygpggﬁf ed in %@%@Egggﬁ sionq%ﬁﬁgﬁkggg} performance than nore
porous coating mcrostructures with gaps between columms (e.g., the "open
col ums" ¢€oxma) i ng 2 mbown i maki gur emil) . Nafaabl y, those coatings
identified as having "dense feathers" (coatings 3, 8, and 9) also
performed. very well, i icatiqg t hat pacig&%betmeen colums was the nost
critical fleature with spect 8 i np and rosion resistance. Also, the
better-perform ng dense coating mcrostructures were 11 obtained as a
result of 2nodificationsgt o t hgs§EBPVD priocessyg particul arly tenperatures of
about 1000C, pressures of less than five mcrobars, and rotation speeds of
about four to six rpm Though inportant, variations in yttria content and
additions3of a third i de hdf%a | estldr af2@&t on microstructure. In a
second investigation, the extent to which EBPVD deposition tenperature can
be used o control cogfy ng m ggostrugfure was assessed with YSZ TBC s
havi ng a

5 45 45 45 67
6 73 92 55 73
7 112 112 75 93
8 162 e 300 ---
9 187 --- 395 —
| Not tested ------ -~
11 107 125 8% 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
I 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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nom nal yttria content of about seven wei ght percent. The coatings were
again deposited by EBPVD to have thicknesses of about 150 m croneters.
Each coating was deposited on a pin specinen formed of Rene N5, on which a
Pt Al bond coat had been deposited. The m crostructures of the outer
surface regions of the TBCs were nodified relative to the interior

regi ons o ' f. . the Iectro beamvx/nile
deposi ti ntg) %aEféd%IQ Sﬁﬁ%f%d f?:i E/lgl?srsr?gl?eo%%f Sﬁ’i‘%éeg? artclzctl)lé ntalélper?‘ >electron

beam powenf st m@omcapremtomeﬁ thadV/ fikermhiegoba & asd ﬁdtzﬁibncsbeéd@ ofkbduer i or
coating r ons afte[r meCh power was periodically increased in either
fi ve- secof Ih8iKIBE. dhoughimporant, yangiiopgibytinaseniei apdiadditiensads thisd about 15

to 16 kwgﬁﬂghaa??%ggr%ﬁctlﬁv&%&% Hut higher energy). Figure 5 and 6 are

scanned i mages o coat i ng ose outer surface region was deposited with
the ten-second pul se technique, while Figure 7 and 8 are scanned inmages of
a coati nghmhmnd)utveﬂlatmm dbeextentdd wmickaSBRéPakpositomichipetanee tavke second

pul se techni FromF res.5 through 8 i ' lgures 6 and 8 are
magni fi ed"F& PSH%HO&TCO?t 55?%@1‘@%“%‘%5%‘?5‘?%“&?@%%@35 Vg & espect i vel y),
it can bengmmyﬂ&adcdﬂw@pasdu@geﬂﬁw&gm?ercw HRIcBRGIgsHBRERgMHN beam ener gy
(Figures 7 and 8) resulted in a nore columar and denser grain structure,

whi | e t hederssitedhgy HBBYS) &Oé'ﬂvwlﬂﬁmbmﬂf@@tﬂi%ml%emmeaﬁeﬁmh céftingur es 5 and
6 d,f
r)es\tlj\?tsl ng%ﬁ gpor%rgér:&jegwgé a%gmgn%gros \éM[lfi &588 g%ﬁﬁagr%%g%aﬁbeﬁscanned

i mages of b@emniebeﬂtedoahbngcroswmmﬁfmebﬁﬁrhﬁﬂacblﬂegl&% SfAaRETBENWEre but with
the final |.ectron beanh power increased in 10 second inpul ses to about 24
®

kW From Fﬂ(’& cdaelgtivg te theinterioriregiens ofdhg coatings by Heregsing thespwer @btheegi on
(agai n, y&orgﬁaaﬁa FhOd® Eﬁmg %iﬂmﬁ 'ﬁ@ﬁﬁg gfnnue,&r&teg%ﬂh@%oatﬁ%@ff'rﬁsn was

fully denS| ed as a result o ectron beam power.” The hardness
of each celgtiromgbesaspoveastasddldmiabonta. Mchﬁmrmgpippaermm of théllraerioﬂty gram 12

25 RIS R A Bl el il L
e e e et L AL T
nmore por otj@rqﬁn@%@\gmpmey but higher energy). Figure 5 and 6 are sca.nned unages ofa

coating whose outer surface region was deposited with the ten-second pulse

technique, while Figure 7 and 8 are scanned images of a coating whose outer surface

region was deposited with the five-second pulse technique. From Figures 5 through 8

(in which Figures 6 and 8 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

12



represented by Figures 5 and 6 had hardness readings simlar to the
readings for the interior regions of the coatings. Consequently, it is
bel i eved that coatings having dense columar mcrostructures preferred by
this invention for the outer surface region 34 can be identified by

har dness testing. In addition to process changes, selective densification

f th ' . ' b |k |1 f
PR i el R Sl SR o

enhance sihatdaeisngadimgsarstaesrdenoZibonoBit@s.2 G4, aftlose amminps withdendehese
addi tives alre believed to be on the order of about 1 to about 2 weight
percent  GPUmRAT MEREOSRICEI PsepTeeiiedi liguresveadisdidigrincsradiagiiuibeed wi t h

YSZ TBC U rdehdf AftuPhiid 9 dewhiinsO bintRehbRb LG ARtddaLMLe assoct at ed

with inproved erosion and I nmpact resistance. = Lower ermal conductivities
sought by repressnied bydtigwes £ amd & badibdrilrase deadings shsilar i therreadings! fowthieher mal

conductivity.ceramc terial far YSZ wthi he jnteriar region of the
TBC. Fr om SR of Bpeattey wPravayctia peligsed el tpabnetiOEed ¢ hat
| pr ovene@ksselcBludMs hRfoRREniePpetefdYyihRieRnEaN fighaGitbeedci th a denser
columar mcrostructure at the outer surface region of the TBC, regardless

of the ceegen 34 eamberidentifieddyy hardnebsigsting. t hose ceramic materials known to
have | ower thermal conductivities but also | ower erosion/inpact resistance

t han YSZ. W .1 hj . . rnal, conductivities agnd
I mpr oved %%4}%%]#0}53%#%%?%% 5%%%1‘;8%%@%&%?%?@%0‘} Aver eoﬁ?glggr?%'be
si mul t aneousbyadkédvied bedddy gz ¥miall grdubRW hivkel titaniuee REtGhiu, bid/6€thain C
mat eri al throughqut the TBC. Wile the invention has been described in

terms of SXKeEeEHcbare&RpERitogRiance $injeEng prsassenin Alaniao SHiable amaRnts oul d be
adopted b i | L . | : I nvention
S !to 0 be %Fﬁ?’% eﬁﬁg n‘liegqﬁéyﬁﬁlﬂ%g&jf %I%&ﬁ%ﬁg%ﬁgﬁiﬁ%%gn%il_b,&]ﬁklgml@ft p%egrﬁer mal

barri er coéthedPBOmatrilir f ace of a conponent, the thernmal barrier coating
having an interior region formed of a ceramc material so as to have a

coven v THB o BRTBE s Yok Ehibde SRty 82 THA charBbRREe e Sipede oM
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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and an outer surface region on and contacting the interior region and
formed of a ceramc material, the interior region constituting nore than
hal f 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 columar mcrostructure
wher eby t I Seri or region and the outer surface region conprise colums
of their ceram©c materials, characterized in that the colums of the outer
surface region are nore closely spaced than the colums of the interior
region, the A duitasl tewidraoatingoh 8 Bubigiend atohtoRes therthandl bapiac todtiagi St ant
than the interior region at, least in part as a result of the colums

t her eof bEPHES ABACRPIEEI) fopnedeef 2 piamicaatega) smasstodrve pdower Beimeal regi on.

2. A ther BBla R} SanCARLERAGALAR diRlalPn0 LAb bvaf DRI LRAdeAEHhL ¢ hal

the thermal barrier coating consists essentia nia a | east
one of vyt aed bhautertsurfaes regi@ody rnd, cohtantiig i, inbaforiragioh ant dbanedyafial i ni a,

erbia, and dysprosi. 3.. Athermal barri.er coatin cecording to claim1,
charact er F?@él‘{)‘ﬁ@eﬂglt therjateriferegian copshitpiing R ?%ga@eﬁ@ﬁeéﬁ%g@é%eﬁ@w ly of
zirconi a, thekhbl Barrid\ébafthg kidale AR& Qbfa¥s LN @Qnstiﬁl?i‘ﬁg%é& ;’t]than' i GAMe.

hafnia, tantala, gadolinia, erbia, and dysprosia. 4. thermal barrier
coati ng aﬁudmw@quh@ﬂanyaldmmmcoeﬂi@,ﬂmthcml Barricheoaiingdrivinga dolumndrat t he
interior region ?‘F‘r her.mal barrier co thrégoﬁonsi ts essential lg of

i a

zirconia "HHISEYC Sg‘gﬁﬁ% o Sy MTHOL s ion 3y fed dEEPRNITEIET hafni a,

tantal a, geldins Wfaheir @eRde ndehidly, SihRSicdized@ Nt tifdh A cbRiing & the dubdt the
outer surface region consists essentially of zirconia partially stabilized

by yttri aSUf#ferrason are mose slosely raead; the thsf colpmas iof the interior gggion tad t he
outer sur | . ve. - Wy : . her, mal
bar 1 er cont sEaE SHPa, b Golilf PP HRREL} bR tetenor RelelCha™ |
that the ileastemi ot aegiresultodf thbeolinisnthereofibeingrmoeadlosely sguesd iz the
essentially of zircqonia, vyitria, and at |east one of ytterbia, neodym a,
| ant hana, © 8 he ApfeHPHCeEPadol i ni a, erbia, and dysprosia, and
characterized in that the outer surface region consists essentially of

zi rconi a parg idrinkl 6480t boating dYortinlgthlailiE! GR¥actedGed BT AN e MESEAIal S Of
the interior region and the outer surface region do not have the sane
conposi t i barrier coating consists essentially of zirconia and at least one of yiterbia, yitria,

neodymia, lanthana, hafhia, tantala, gadolinia, erbia, and dysprosia.

3. A thermal barzier coating according to claim 1, characterized in that the thermal
barrier coating consists essentially of zirconia, yttria, and at least one of ytterbia,

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

4, A thermal barrier coating according to any one of claims 1 to 3, characterized in
that the interior region of the thermal barrier coating consists essentially of zirconia
and at least one of ytterbia, yttria, neodymia, lanthana, hafnia, tantala, gadolinia,
erbia, and dysprosia, and characterized in that the outer surface region consists
essentially of zirconia partially stabilized by yttria, whereby the ceramic materials of

the interior region and the outer surface region do not have the same composition.
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6. A thermal barrier coating according to any one of the preceding clains,
characterized in that the outer surface region has a hardness of at |east 6
GPa as neasured by the Vickers pyramid with a fifty-gramload. 7. A
thermal barrier coating according to any one of the preceding clains,

characterized in that the ceramc nmaterials of the interior

coati ng accor AI ng to any one e prec

I'ng c ¢harac

regi

on and the

harrier

outer surfacg hérﬁﬂ% B&n‘é%@atﬁ@%ﬁcfrﬁﬁg% %gg)!n '0?% all‘ﬁS LA %fa[i]f%ctf: 1ized in

érized in

t hat the deatahs mtefaatreege:h of e thenal rbhﬁidr@baﬂh@tmls&raséﬂﬂﬁlly@E@ﬁc&uﬁf ace
ermal barrier co

d t th { {
e gor i g SHE0. IR Ar1oS anR Y S EIDI, BER e htharton bALBiA BRtals GAYIEES, Paih0n
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6. A thermal barrier coating according to any one of the preceding claims,

characterized in that the outer surface region has a hardness of at least 6 GPa as

measured by the Vickers pyramid with a fifty-gram load.

7. A thermal barrier coating according to any one of the preceding claims,

characterized in that the ceramic materials of the interior region and the outer surface

region have the same composition.

8. A thermal bammer coating according to any one of the preceding claims,

characterized in that the ceramic materials of the interior region and the outer surface

region do not have the same composition.

9. A thermal barrier coating according to claim 8, characterized in that the outer

surface region contains at least one of nickel, titanium, chromium, and oxides thereof,

and the interior region is substantially free of nickel, titanium, chromium, and oxides

thereof.

10. A thermal barrier coating according to any one of the preceding claims,

characterized in that the outer surface region consists essentially of zircomnia stabilized

by about four to about eight weight percent yitria.
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