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[0004] Typical components of high-temperature mechanical systems include a Ni

or Co-based superalloy substrate. The substrate can be coated with a thermal
barrier coating (TBC) to reduce surface temperatures. The thermal barrier coating
may include a thermally insulative ceramic topcoat, and may be bonded to the
substrate by an underlying metallic bond coat.

[0005] The component may be exposed to widely different temperatures during
operation and when operation is ceased. These widely different temperatures may
cause significant thermal stress to the TBC, which eventually may lead to
spallation of the TBC from the substrate. The stress may be due to, for example,
the substrate/bond coat and TBC having different coefficients of thermal
expansion, or the substrate/bond coat and TBC experiencing different temperatures

due to thermal gradients.
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[0006] In general, the disclosure is directed to
techniques for mtigating stress experienced by an
article that includes a coating layer. In sone
exanples, the article is a blade airfoil that
includes a tip that defines an edge. The article may
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surface of the substrate, and a thermal barrier

coating forned on the substrate and the first array

of features. The array of features may be proxinmate to
and substantially aligned with the at |east one
cooling hole. [0009] In another aspect, the disclosure
i rected to an article j.ncl dlng a rate and a
f f“r”g#] 19,905 gSRSFL ﬁ\?é‘fsﬁ Ciopdeiy IEFCE" 1¢ aratigle ‘Q@@%@t"?'ﬁ%‘% at
aleadt ohé ESdling AGRIbREA in fHRBubdtlatel ardrFAYorMTBYurEORRNhESE &
first pattern. The article also includes a second

apurfage of the substiptesangd g thasmakharmigrceatig formeedisie subsisatg andy
S T a
e ey Ll PR BREA TRl AEL Ay FEYORRIRE e,
fB@s@nﬁﬂbewgh@hwwawebebpﬂedi@medgh@eexper|ence a first

ernal S at i.on _may

o DOBbL Giach B8 FB e e PR AR s UEee G Pig CERL R AT
Stutssate aﬁd i fist ardy dﬂ’f@dﬁurfe:h@ 4 burBite bete butefratt BEed imt location.
stress. The article further Iude t he I
o 3b P b riRPR e A CRASEs S0 MERGeT # segpnd
ahfr@yofdtathreabrithe SurfaR @f tHReusaarNa séoh@ocon, et YERRd
[0010] In a further aspect, the disclosure is directed
{ BIT2Y TEY PRIPTISA 8 ISerone gattest diffseent than therfixst patterne Zheifiess on
AIRMESBARLY &fpr@dlae@ﬁ; x?Er@en@@g fit @ TVENG tferBEHAR andhd | €T
coating over the substrate and the array of features.
Thesond Ioagnqnfmafyetmmcb@edrwxpenenm osdcned kevelof theomal stress
S ant,i al,l ast_.qn
f g?f%e&whﬁg h,]egﬁrgt le \%rﬂ ?P th%rmatl1 tbedi 1 aﬁ'tlcgn?uargn 3 {"F‘g‘ﬁeﬁ a tlhermal
abﬁmet goatilmefotined brogh Isebsnsteduhe @et edlayt of faatofet, aad the second
i nclu @gqg formng a first array of features on a
s @75 P& substrate at a first location. The first

| povad] e ABeBpe RCdigtosiRS S dir@Redao hiniciodAh@BdiRE Rffming
| evel of thermal stress, and the first array of

f ameripveef Teaswrss P aurface pf asubsiate aidfornring atkarmakbaaiiaro

| 6dtind @Fer thOSUBsRAe AndSRE Hs &fféﬁNrleTﬂeeﬁxtay B??ea&?estnh‘aey be
surface of the substrate at a second | ocCati on.

s emrmlatt tscandisubstantiglheligned with etlleas seeicapting hgle (me‘dd in the
lgked level of thermal stress, and the second
array of features conprises a second pattern different

t pe 1} heanfaddﬁionqﬂats;beel’ tthe dﬂeﬁ)smtlhd)ldecfddrtb hafetioddhalaiisg

farm.n hernmal. barrier ng, over t ubstr at.e,
{ R Bt R P e P A RO P i P RRHF o
f Eindt Udcaton hBPB2deldced daglvara faspecdicted Reel i SehRd Wiressi 4nd
directed to _an airfoil that includes a tip that

d &t Helariay ob frgiressamarises @ st pavemegbemé%w@ lsoriglugdes a

SYsrhakea QLo d\BralyidP fealh& ongth@ﬁfrﬁ}fe Of th S48 8t d fcond
proxi mate to thé edge, and the array of features does
ndacation. The second location may be selected based on a second predicted level of

thermal stress, and the second array of features comprises a second pattern
different than the first pattern. The method further includes forming a thermal
barrier coating over the substrate, the first array of features, and the second array of
features.

[0012] In another aspect, the disclosure is directed to an airfoil that includes a tip

that defines an edge and an array of features formed on a surface of the tip. The



intersect the edge. A coating layer is forned on the
surface of the substrate and the array of features.
[0013] In another aspect, the disclosure is directed
to an airfoil that includes a tip that defines an
edge, a first array of features formed on a surface of
the tip at a first atlon nd a d array of
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t @O IBRIFIGS. 1A and 1B are cross-sectional diagrams of an exemplary gas turbine
engine combustor liner.

[0017] FIGS. 2A-2D are cross-sectional diagrams illustrating exemplary cross-
sectional shapes of features formed in a substrate.

[0018] FIGS. 3A-3G are conceptual diagrams depicting exemplary substrates in
which cooling holes and examples of arrays of features substantially aligned with
the cooling holes are formed.

[0019] FIG. 4 is a flow diagram of an exemplary technique of forming an article

including a substrate, an array of features formed in the substrate and substantially
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barrier coating formed on the substrate and the array
of features. [0020] FIG 5 is a cross-sectional

di agram of an exenplary article including a thernal
barrier coating conprising a first and a second
thermally insulative layer forned on a substrate
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[0029] FIGS. 14A—14C are conceptual diagrams illustrating example blade tips
with example arrays of features.

[0030] FIG. 15 is a flow diagram of an example technique of forming an article
including a substrate, an array of features formed in the substrate, and one or more
coating layers formed on the substrate and the array of features.

[0031] FIGS. 16A-16D are conceptual diagrams of exemplary substrates in which
first and second arrays of features are formed in first and second locations of the

substrate, respectively.



[0032] FIG 17 is a cross-sectional diagramof an
exanpl e substrate that includes features fornmed with
di fferent sizes and depths. [0033] FIG 18 is a flow
di agram of an exanpl e technique of formng an article
including a first array of features in a first

I [ a substrat nd a second of .
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and impede crack growth or propagation. In particular, when a crack forms in the

thermally insulative layer and begins to propagate in a plane substantially parallel

to the surface of the substrate, the features serve as an impediment to further crack
growth by presenting an interface between two materials, e.g., the thermally

insulative layer and the bond coat, across which the crack would be required to
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|nc ude “features that are spaced nore Closely
t ogedt $eaere téranasatarethirfaes atihe Sisajpeatioprang ﬂnwem drpezaivehery
char r v, r r
leiss ?CQ/%I% tér%é%{gtu;eﬁigmé%g gtc 118%? gi?d'lg)ggﬂo thaE' %u({@éls ?1% Siﬂ%ﬁne
ew’ﬁﬁﬂlfmi fatrgy of ﬁeetufels sy balsdeciextmﬂxé dafiferent shanfthe pa@tnuofalse

TR Bt TR el TR L Y PEDe ot e e 1

amghtukBs BaQrespasat e lclelRogdihzghavea differnsdhapd, iof inelide
exanEIe of a_.  gas turbine engi ne conbustor section 10
i ABOLE Cﬁ@fa?%ﬁ”%tﬁﬁ'?ﬁ PEQYIISS S¥RsFIOT therapal gigess pdfigatipn thap &e
Cgs&ué al%y b1 188 1ired 4in HRIRHBL@meARCHL Gt A4 BRI Brads of
til orfbustor section, in which a plurality of
s émrras eachrtesbe prexémage torandjsubstandiallyaligsednvith cpoli holes in
i%ﬂﬁ&bﬁgﬂ$ustor liner 12 and outer conbustor liner 14,
or eac i nner comnbust or

[0038] FIGS. 1A and 1B are cross-sectional diagrams of a simplified example of a

sone ect I on
Pma SI'{I}?I'g eet?nen‘nha StTCSS reswl%mc naflthtp ICIC | so

gas turbine engine combustor section 10 including an inner combustor liner 12 and
an outer combustor liner 14. Combustor section 10 may be a tiled combustor
section, in which a plurality of separate metal sheets are joined to form each of

inner combustor liner 12 and outer combustor liner 14, or each of inner combustor



7 liner 12 and outer conbustor liner 14 may be forned
of substantially a single sheet of netal. Inner
conbustor liner 12 defines an inner surface 16 and an
outer surface 18, and outer conbustor |iner 14
defines an inner surface 22 and an outer surface
ner, .conbust or ne and ter c ustor i ner

B2 ST e e ek T4 B b2orHed DR SR OR %’é&'i’/\él?ﬁt
Ouf @étals Uhﬁeﬁ%&n&&tc&ﬂﬁleﬂ @finSdldrf idk& sédace 1848 bk 3@ surface
features may be forned according to the technlques of

t hé apd egtémomhﬂaS@&ll%dﬁée%W@n HIHET swsface &2 andoan Qi sprface
Sﬁ'ﬁ.f BhE c’lbﬁibg%tof' M 2 Q%S@cghbhét&eﬁne} 24 QéAlﬁr{eryL% bustion

surface 22 of outer conbustor [iner hough not

s Hewwber 19 i1t ammajus ditieen ower sublaech] fofndgmessurfasePace 18
ogklﬁsﬂggrfeaﬁrgrgy tég}tz 8{ fc)lrrhn(? 5%95%”9 rtg' qughn§qlﬁré% 8F t%f: %Zeseonft
cantlonge biotider Bﬂ)ot}ﬁ Gﬂﬁﬁe‘k sAEfaaéd&SCdf mbedccmhﬂme)r ligggd 2 or inner

COITRER b BHOoRERNOT b AT ot b8 achanie & P o o

SY6th oRButdr Gidfacd 1B & ifker B biseor linVNENorUsRe sirfacd 2P bBbuter
t enper ature nmechani cal sy stenh i nner conbustor |iner

1. 9ombistpr iperoldiragy dedinp a #1isRlity pheaelinghelas 2Gxperi ence
TL @3] RUBECADLY HBSva Rl AFvihBndfe cbﬁ.ﬂv&&%&ro% 1@*}@43&%33

outer surface 18 of 1 nner combustor |iner
an@mmnenﬁ ofndvighstamperearomedinigalispsten onbly 8% @gasltunbme efgine.

[ 1 t
oW dSLS it PP BN ER o K, HRA o TR
nayd/&neoutercaambuistw ltnhr B mheexpetiedzathighaempoatireagnd/dBa)ge
mhlch nclu th
 HOURERS 6 s QR Corgigy P QL EnPTGPHFOT (Rt AEVURY
f @nebsiirRte U6 AkE cd@bustdr linBNBY mEPTHbINGE 8 thelh BN prdidetive
i nner surface 22 of outer conbustor liner 14, or both.

[ 60ritrE fagisd op subsigte A (FIG B Eer expigpleesiihpipie26 may be
SURREPWIRY tl@:ﬁﬁﬁ‘%aﬁﬁr DbatineT BCMS’ E@nchQHclﬁd}@ alblok@coaeBO and

substrate 26 including a superall oy I ncl ude ot her
addhearmoldy whdativstlayer 82 Hiat providessthpriah § aml @won for opfer surfaee 18

Sug hm@xsco‘hfb‘d%“ﬁ&? 12, hﬁﬁeq D&tRe 22 to?&ﬂgr c%m{lgtoxsltu?ep Clih c&)ﬁoth

corrosi on resi st ance oxl dat1 on resi stance,
| I[MEO] Sgbsirate 26ghdy dompvise, ifer dthplar 4 supbnallsxobmw on Nj, Co,

C:ilp cgn‘?ﬁ}:t lskeBSUb t%%t Swnclugl?r& aﬁggerg oeytrﬁ%y n?@ éotﬁ%@ of

usaditiVe Sempattalol ayr itiedh@nical tprdperRe, s asiuneaR! Eardiiess,
|nclud|n g?r exanpl e, those avajil able from Haynes
| FRTRREFEANTE S1oalT: RRIRENR reT RENSGRIaqatloR desistaqge and the ke, as is

deri1%RsHh fghe HRY ﬂ?s%nm{tfo)dm?éﬁ% sdﬂ@ﬁﬁt@ bé My Mc‘il)de af3dst one
the |ike. 100411 Bond coat may fornmed on

s@bSt:Me.ela2B; Copel Atalif, Rﬁc@réb%bl(ead%fg/yseﬁql superaliemay be
S ldhﬁiég%lesuggra%@% taﬁbﬁcmg' kot ekﬁﬁ;ﬂk AhdMGviR¥R frod Haﬁ%@d

coat may 1 nc
International, Kokomo, IN, under the trade designations Haynes 230® and

Hastelloy X®, and the like.
[0041] Bond coat 30 may be formed on substrate 26, and may increase adhesion
between substrate 26 and thermally insulative layer 32. Bond coat 30 may include

an alloy, such as a MCrAIX alloy (where M is Ni, Co, or NiCo, and X is Y, Hf, Ce,



an alloy, such as a MCrAl X alloy (where Mis N, Co,
or NNCo, and Xis Y. HE Ce, 8 La, Si, or conbinations
thereof). In sone enbodi nents bond coat 30 nmay i ncl ude
a MCrAlX all oy nodified by Pt, another precious netal
group element, or a refractory netal. [0042] Bond

at_.30 nmay. be forne n substrat. | e,
PR30 B e I 2 Pl AR S
SE’M(WA'I‘E a(l6\PRbdifle@By P, QRSHErQrediAS Meetal )Sgﬂfu@)é'ld’r‘ﬂ:n(, lLPRS) ,

éﬂ; veIOC|ty oxy-fuel spraying (HVOF),
gobpneiel ng, or the Iike. [0043] Although not

!M B5‘nd: Jo@c 30lmBy bd Rttha] by sdbE‘t‘PﬁE Qy,ct&'@‘zlﬁlbleoﬁ‘tﬂehﬂﬁr 12

radially outward conmbustor |1 ner 14 may soneti nes
i mhnd&teahmm@s prgh lay aig plagima smme(:%ﬂf@d)owr pesyerd piasmisond

c Oa%&ﬁ%l Lﬂﬁ%&wg‘?@g%&%&ﬁ Roradifg gﬁ%%{) Rptaddf BEH

nnyebe heated in an oxidi zi ng atnnsphere duri ng

S i o grow,the.T baond, coat

o lnaal Ruhueh mpteot &g I, By et rni SR g
Wddihl 9t ehar@ t&RBRECS lin€H ks e@dnfetiggt Rende & @rimaiy @own
substrate 26. [0044] Thernall insul ative |ayer 32 nmay

pP¥s HECPhE Ofb?%‘@é‘@?ﬁ n Iy P%%wa‘mdérnyms fthy %lee%ltee

20ormEB Y Hﬁildleng' goad kadiizge Fb%ﬁp%zbmcoﬁm?sﬁe l?etated m an
| east one of a variety of materials, inclu

eRaidizing atmpspherg-dytingbdryiget srow deni GO optbond epat 30 Irl many
Ste;%gbélh]%éﬁg Fé“rﬂg)ac ris@lafurfvidh g,lllq X an% ﬁitﬂ BthEr §ahLds
oXl sta Zl ear

I ze conia, a rare
oXiffised frahibbnd ewht B@dmsubstrase 26.1 i cate, a zirconate, an

al ym e, or.conpi at| t her. . 045] .. .. .
AR Db 1S QR b Py e st BgReion SpyBion)
M Qbstedié Do. aTHermaly inyulat@e0alet 3Dhay tbhbsd D ldastent ¥RH3) .
For exanpl e, one yttria-stabjlized zircania

c ATRI% Pt rlnetﬁrliﬂﬁdmmgg Forexampls, wirinithilzed zisgonid gittia-7

Wstab fzd PhaARQ U rafe dibth oXfdY.td dalelbtth BXidE8tabiliBeFAM®Nia, a rare
enbodi ments, yttria-stabilized zirconia may further

i wanttueride-staitizedrhafiia, @ siigpten Zsdotae, edushatRar combinations
ol deg used in thernally insulative layer 32 include,
for ~exanple, oxides of lutetium(Lu), ytterbium(Yb),

t HOO4i5) ittt id+sdabilizedzicnonandlydes lzmd:qmla,l(rﬁr@ﬁm)lxedjwﬂp A @ENQrity

(Dﬁé doLiniun1g§g% Eerblu (?%9

Stk S BRI ST B ol by Rty st

Plcampesikydti ildTudd3izircom@sthbized(By@bout! 7ant. PatduBbEt8aNt. % yttrium

yttrium (YY), scandium (Sc), .and comhi nati ons thereof.

Tieg1de. In some embodiments, ytiria- -Stabilized zirconia may further include
another rare earth oxide.
[0046] Rare earth oxides used in thermally insulative layer 32 include, for
example, oxides of lutetium (Lu), ytterbium (Yb), thulium (Tm), erbium (Er),
holmium (Ho), dysprosium (Dy), gadolinium (Gd), terbium (Tb), europium (Eu),
samarium (Sm), promethium (Pm), neodymium (Nd), praseodymium (Pr), cerium
(Ce), lanthanum (La), yttrium (Y), scandium (Sc), and combinations thereof. The

same rare earth elements may also be useful when present as rare earth silicates,

rare earth aluminates, or rare earth zirconates.



sanme rare earth elenents may al so be useful when
present as rare earth silicates, rare earth

alum nates, or rare earth zirconates. 9 [0047] In the
enbodi ment illustrated in FIG 1B, substrate 26

i ncludes four features 34a, 34b, 34c, and 34d

AR L e R COR e M

ffaﬁﬁrpe@ 348 338/ $RCMmINAd (@MRctiveRy-BRukOBAG doried nf fEurface 36
exa ‘chenical etching, photolithography, |aser
nBﬁT%z6 dicafesddmean C@mprlﬁeaféerwwlﬁgs ormed in surface 36, and
I R
V|gfg%ggﬁ%%g?q§%%a flEe.&f88§% Eachmk%hﬁﬂelsggtures
Smadumngsml@trpﬁ@nn@ﬂ aachieing] dertnordischarize sachinwe, 36,
?¥1nm% s ﬂ”f%%EMrestﬁﬁl mey forma discontinuity in
sﬁ A ggggg AR eSS 34 i "impede crack growth in

t fooasfeEdcy of teUtatncy 84 Hat;u@ts tB2reiativaplahaitg of)atr&bd: 24, eten

ot P e dony PP asb RS oy e 80 S ey

&aé 8@k BewieBNh&andy aRaktidOlajtd2tine prBé ba/ranel to surface
|nsulat|ve | ayer 32 across which a crack woul need

t 6-pWianat wishise &y ksboupd hy anypeartiqua thory. Hefyras $4ymay result
| RSt il & ﬂe@/@:‘h b%gd LRE3b %’d ﬂh@m@all&@ﬁsﬁl&lee ﬁ?’eltﬂ #Rross
portion of thermally insulative |ayer ocated on a
pwatchawrr@k vewitd e t@propagate 1o 1I2EaYs fmm@rpomtmféhﬁmally
te )0 0
hnsula{n q l%yer%l!I telﬁ \}13 alfea?ur93%§> Poqt)}&} grrf':)ﬂé%g' g?gncsklaté‘feol\%%
aszhﬁmcﬂbeamHMBnbﬁaeﬁmé36h@hdanhhnbmmabmdmamdmmameﬁMg

cont |n cra to a ngl e _.domain, e.g9., a
o8B Bom Gl By st { e 32008 oo ek o
f g@biiltBe Hfer@te 8 thO 8IS n@iRriglk, 4nb mambhmml Rl | gad ity €0 hamglre
32 located on a plateau of surface 36. According

edemainge.&. ¢ pefern of Hernally ity fayer 32 Ingatedsn ﬁcf?%t'i"s |3f48f a
E&Tl%ﬁ of BeldyNALERivE 188 mlaé;tm@a glgteaﬁ besubgtd jon of

28 that dél am nates may l[imted to a portion
abovedmglyeatenriba gaclogrows pothe ﬁmntab%\a@oawplqﬁﬂ B412%f

xal];ar%?ngi,te:é gl&r)nr lu%gtﬁa% 2(5 ?}?et ! ?Qh &41" ﬁ%ig {hla{:&e}tqg]%natggﬁla%r)e

ssions”’in ‘sur
1Bmiteé &t aip@soBdbavay feanok dder apgene pladviey placuaf guifae 36.

cr -section 38, .a shown in EFIG 1B .or i ncl.ude
o HOPRLPER 08 Dt irkBidss o0 Brinie Aerigssiog ipriace 16, AFHNR
ShOWG.i1B. Flebtured A4 n&yflﬁcﬂlﬁdéraegeﬁ&ﬁllﬁfb}étahg\ﬂhm&s%ection 38, as
general ly arcuate cross-section 42,  such_as

hahgwisineFd e 1 Bror atipdpde angthepgrosspsetiqnghprgfileg Fer Pemple, as
| @h&@ﬂ"ﬁrFI@X@m fedturéde n%l}q}i\Huélé'h é:eln@%lly 2BuAPcrRs-iRabviE

may | ncl ude a genera Yy tri angu ar cross- section
44ucfeasfaéwatfnmr@1e3mgn¢rh§r lepret. wadion ofagizelal Inothergxemplps as

cr bSOT 4 aGtafhe UERRY ISR ol WBheHfifer Bross-

tfﬁﬁgaﬁqg 2F CUat 6 Cross- sec $5hll _g%ﬁghy Iﬁﬁ Feross

cresion 9dcd featned 34g may include a generally trapezoidal cross-section 46, or a
feature 34h may include a truncated arcuate cross-section 48. Such cross-sectional
profiles are merely examples; other cross-sectional profiles are also possible and

will be apparent to those of ordinary skill in the art.
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profiles are nerely exanpl es; other cross-sectiona
profiles are also possible and w |l be apparent to
those of ordinary skill in the art. 10 [00501 As shown
in FIG 1 B, features 34 may be fornmed proxinmate to at
| east one of cooling holes 20. Such an arrangenent

V|de an ona asuyr e, of
RSBy iR TS e KRR REY (e e rORIRR fo gt Ipast one
pef dootig WlesTBC SABh arl alraigbllﬁaﬁtena?/qﬁo'h@e arh&tdigdnal measure of
stress-initiated crack the pqrtion be
| themaad grotgcsion 1, dbstrai 2 %%%wxan?' a%v' a@@”&nng%&&%ﬁ on

agQ¥RindteRuatC@Em sPdRBlifiAbLcrde grBWth, ARTOFIRAGRayARAURIted
In addition, because features 34 are fornmed proxi mate

t ® acrstiomabove  featuro 34 eapqstion ahaive aplaigan of pubstsate 86.cs
{lgrllsze%aa‘i)o§ IB Q?Bltlx\@%fe&qagé §g@%r§m33)é6é ﬁﬁnéhof{Yamglate atio rcoolmg

am nat 6d- ion’o e C0O0
ehMtsﬁ@mepenmnoﬁuﬁeﬂmp@@xnmgﬂeomd@Hmngmhph&@x@ﬂnwﬁhnsw
rOV|de 1t her rot ct| ortion

g?* WaF g?nmﬂgfqghj% coa 8%8% %exnﬁ ﬁgﬁgkg @on of
t pox fodté camrlnn@horEBﬂ) P8s m\a@pﬂhldatthmmm mretewtio td theodxpbeed

possi bl features 34 or ped roximte to
ceentlpﬁafe WBFtéaée %Or Regdcpdg @ Fre‘fe %nﬁﬁv of tiecpopin fef
coglwiispshérai® vduld ¥diee pdBb1L2h féaﬁxréyﬁlﬁ&a@hbﬁfohﬁed nt act

and attached to substrate 26. [ 00511 Features 34 may
berqua%@ qonlinghheles 2y Ccashipe halend) mapplge balp facoef substrate 26
f %Eﬂrjﬁ"ﬁé 283 sub's:da%llé/jﬁagi H 5&&&%&& RLEb awer of
exenplary features arrays of eatures 34. For
emﬂiﬂ)] EcatiFe G4 By bhfowsedim aararay C@ﬁprﬂm aJPlgEaliBQof features

I roov e
orFehftih daTan Py p YmBl RSy s NGB 5
f Ggrarmeek 340 Fou bednipad, @IQ&mEWsrmta&ay of featteds 59 nhxlxld&ng 20.

In addit] rogves are substantially aligned. to
c8braiiy O%P%‘é?sgé FPVv6t ?ﬁs?re \RBFT&EdSSW%ﬁta'EtI‘?é'y péh"hJB'gP st

| binesiddadr@fbrinBd Il bstibd 2proLMRAR 18/cBolin@aRl8 0 D&t ¥R@bn,
rows of cooling holes 20, and are approxi mately

eGUioypssThme sybsBptialerligesd torcoeling ok 2ﬁo|1re@,thgo~<efﬁs in the
ClefnB8dimehCGfuRfardd ih EROSH gyo%vsme Rfca@li BOWESH R%s oPYSdingN

arrangenent may segregat substrate 26 into a
Ihukealzﬁ) tapd efe aghproatinmssly equtisdorfeim thsepwef Fediag ddles 20 on

mael);her NS Sibe o?djrciasﬁgcrtlltve ?ne <1 2k g’oveé6§4 d§ % rah gggrﬁﬁ%ﬁ@h%@g%gaw

rove S reS|s ance
f @ulfmdtedﬁ ustu iayluralitg oﬂ&om{nﬁ)sosa:b domagotein gelodxoeti lmantesn

oves t.he sa Mﬁdth
T Eoer A es R SR Rt Brve eyl PSS rgiganee
%@W@szs%nﬁawonb,@b@ratshﬁffer ent width Wthan ot her
grooves 54. In sonme enbodi nents, a wdth Wof each of

glS2E&n sanerpmbogngsis: groskesadpRadeARPERMaln ot sapme rudth
arWI, a@@%»@ﬁ(in@t}.ehx. In other embodiments, one or more grooves 54 may be a

different width W than other grooves 54. In some embodiments, a width W of
each of grooves 54 may be between approximately 0.005 inches and approximately
0.125 inches. In other embodiments, the width W of each of grooves 54 may be

between approximately 0.010 inches and approximately 0.050 inches.
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0. 125 inches. In other enbodi nents, the wi dth W of
each of grooves 54 nmay be between approximately 0.010
i nches and approxi mately 0.050 inches. Il [00531

Adj acent grooves 54 may be spaced approximately evenly
apart, or may be spaced different di st ances apart

E@gﬂ éé’g{]e%?%rg Ogeiests ﬁT?ar;at]ja?%lp ‘B?fg’ﬁig}%eifﬁ%m @Xrt,ngggnay be

vafayedxﬂfmeemames)xpaﬁamkyns&nae Dnetvegn adideent grooves 54 may
I n_some enbodi nents, the

a xi mat el y, 3 ji.nches.
t? ?ﬁ ?chga@é‘ i, SorpR P RRCMENS MAYORNCRATWSEN | n ot her

eﬁmf?&]ﬂlﬂﬁtmy% 2 {lRResinti Qﬁpromtél)n@ B&R%Es. aRdothb @ﬁb%ﬁl@ﬁt@stﬁe
or may decrease and then increase. In yet other

epitRbdnareinergase s dedrease monetenically . Hp Gtheganbedimens,tahpitehly
g%ag%k%é LY aeE RIS Gtz zﬂeh%%%%d R, ?&aéﬁnrﬁ{otﬂéve

riety of cross-sectio apes, i'ncl
emammhmmnamsahsuateu1HKMaAamednarmaﬁbemnr@nmaHUubaﬁmu
t i dal ,..or trlan [0SS- SecC
| REF Oty 14he s AIAL oFEER S5 iSRL WPy BB dingolorsa
Meyantpde, @n bit@ate SAMCated MSBats eedtarpn Rk, tfapedoida or efangiilar cross-
| east one of roo have_a different
cPegaen. g Hiusisaisd mpﬁ@fs f% a{@m ~Ahotarbiof 8FRe Vet S4gpdiohiavs the

5@3meﬂ?§ss@%&idﬂagﬁroﬁl@c& ®feastPnOBY Edond sUBYayRRVOLHIMREM!
appr oxi nat el 004 i nches and approxi mately 0.020

i AOREsectiongl gr@ﬁ# tearbangthee aresof greeyveg &bt Rhepdepteadigaeiyof
aglg)gvgs%ﬁrdra}]ﬁybe}ﬂ?eeg %B%\%gﬂnat 8108 ﬁngﬁ%secln}f agprg% f’ha'ten}p 6 850

approxi'mat el y |nc e Mﬁd h
Wnchése 1l spnherolbomgns dlie @:vpdm}f@scisdlf gregvep84 may be between

o RRPBURL L Hod B 3RE ptel e PAh Bnes o bR RnE Miup
ow,gh@dbpesofﬁzéch ongwoxde pt hagbe gp;ﬁﬁxﬁﬁﬁteﬁﬂthﬂ&}me or the depth of

subst ant i [ Iar ease or de
mBhEsh ARG |ar§0 ﬁg% het gﬁé&ﬂﬂé D hiset Bascotber b groawe%%‘y
dgnt 8L o PRHo¥el 8 nlaf GlLiRENBially §iRPRS hak lifereadBor decrease

illustrates an exanple of an array of features 56 that
| Aenoaisally. myyiieerege prst theridesyease. OF gy defrease pid thepmcrease.

@Bafglecz gﬁgﬁgité@% @Qgrﬁ}?}e l)V arPHa lolg ?éatJr% 4 eﬂ mé?liicf%?

urality of groove or me stantially
pgnélSB ddrmed b acﬂnstqﬂlhelrty 0&g1@owkfgmmdtsumtany1ally parallel to each
hgend cular to he first @Iur

randa secondi é)llﬁl‘gs of rololylesS UB'%% tXrEgi l?'aﬁadrage\:ﬁ : %aecgokher
p|ahld subistaiytiably pphﬁh@amr tb $hel ﬁrsqutnamyatf @radBes. AGrid 58 forms a
respective qne of co es. 20.is forned in
e ion s 35 A SRR en g Py of Bifeud U ayRese 56, A
S lr'&%&’ftﬁﬁ: Bne26f doBlisy l@bl@s' Ml@fdrﬁﬁéd A cadP OPpIAR RS, THRRORSy

cracks fromg rovvln%16 romone domain to an aq%%cent
d@REiSH seeapgalsy sustipleZounte s phpality of deypajpgandrimpe F@C’l‘%

a@%nﬁ%@éh@ﬁ?én@hhé’dcﬁﬁdngfb% a‘%a%&t%n%fnn g\rﬂi?'o??eaagcs 56 is

I n"some enbodi nents, each of the grooves
oﬁemﬂ@mxgmwgtt(amm sabdtantially allgned with cooling holes 20.

[0056] In some embodiments, each of the grooves oriented substantially
horizontally in FIG. 3B may have a first width W1, and each of the grooves
oriented substantially vertically in FIG. 3B may have a second width W2. In some

embodiments, first width W1 may be the same as second width W2, while in other
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horizontally in FIG 3B may have a first wdth W1,
and each of the grooves oriented substantially
vertically in FIG 3B may have a second width W2. In
some enbodinents, first wwdth W1 may be the sane as
second wwdth W2, while in other 12 enbodi nents first

ekt PR LA S RS 1 W% yon

onesomretnb@ainiemtsqm e G1aoMe vortigiliydorBted B VO grid 58
different than the wi dth of another vertjically
ofe¥ Bt ddtegrns Hipa thevigh of angther vartigally prignted; graoxg ipgrd §8-
as nhiBRS{ theDEdth OF AR &le Roridbt Rt Gibnl

\ Eﬁ@ % fférenﬁ t han Jﬁg afﬁph on a%ﬁglﬁgﬁugyné§be
hénffemhthah the voidiherfeeethgrhooventally cgrent?d B&0VE M grscbﬁb In
e wi.dt h.of. h zont rti
o?%?lgen%mﬁgr?%néé hhse w1d91 cﬂr h8rlZ | or ver"‘illcalé/aosréen}é:r% reIo Fe'a S%ld
N & otap nnoa:eaxlsé yr, deueaieencbnmtcnmdaﬂy \eln‘mod othienémsbodimentyititl Width

of horlzo verti rooves i,n grid

OB NSRRI} Sluekicliy Stk Sales Qb e S Pag i iaSan Tt

t bameasa 6F (ﬁﬁﬁe@se ahld@heni ifdrbasé e @rdtwmfl of weaehedeh of he
grooves in grld 58 may be between roxi mately 0.005

" BRRESS Taggd Pt bE %W@Fryapmowstely& inchen ag prgpoximately
eUnghirfEﬁéH Sln ofh@ﬁerﬂbdﬂi‘inﬁer{ty\/tﬂe vol'iithvm\)l &f wepsHtaof 01t He grogyes

grooves ar may be between approxi mately

i nbgréb%m@b/ bﬁﬁ{wwnrmpww@elw@lo insbereand appoBifjately 0.050
Adj.pgent parallel grooves in grid 58 may be spaced
apprOX|nater evenly apart, or may be spaced

dilG052) Adjacehit paratid esocapaintgridlS8 nsayrte spaded dpprexitimiely évenly

0,3 bl R BEY RS BB NS

0 didtan&chesr DR heth@BR adiieatiro®Rt S4 n{apefa@/l Heﬁvbbeﬂﬁyprommately
e of decrease nnnotonlcally I n. ot her
o firdstie pe APPEREFEY O WERFS; Hesomgsanbodineenis B pifel maxs e

OfnchRYe SlafERAR NI lnrlﬁlié?%&%odlln@nﬁé Sthe ﬁﬁaﬁﬁay mcrease
enbodi nents, as illustrated in e pitch

bendihen dsdrense el paydnsstasaand then la@rdasn bnyet ptlner gnlrmilments as

1S A
STRGH SF kG B, f A RgbEhIRED, S 4 BRI
dsehasnbodipeite thaagtanad Pd betweey adgmmngnvtm m;e Eondirection

dlre S .exa s, the pitch in ane

g 08 SRR Rhse deBe Broies G hserond,

\Nhlrbcﬂlohhﬁn @Jln’(ecd?(allnplea thegiendn che (ﬁﬁébﬁﬁﬂm?yamlgﬁese or decrease
[ OXi el onstant. [0058] Each of the grooves in
@‘%@% W%‘H?/ ehieh gya SSLQPqu YongpaybeAPRIHBIE Y nal

sh@g@gt i ncludi ng, for exanple, an arcuate, truncated

arcuate, rectangular, trapezoidal, or triangular
cIQN58] Eachrofhe craeves i grid $&mavihave ope a5 variey efross-Aeqipnal

shapes, including, for example, an arcuate, truncated arcuate, rectangular,
trapezoidal, or triangular cross-section, as illustrated in FIGS. 1B and 2A-2D.
Each of the grooves in grid 58 may have the same cross-sectional profile, or at
least one of the grooves in grid 58 may have a different cross-sectional profiie than
another one of the grooves in grid 58. The depth of each of the grooves may be

between approximately 0.004 inches and approximately 0.020 inches. In some
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Each of the grooves in grid 58 may have the sane
cross-sectional profile, or at |east one of the
grooves in grid 58 may have a different
cross-sectional profile than another one of the
grooves in grid 58. The depth of each of the grooves

et ween a Xi mat el i nches and
PO A SO et BS EroD K SR e B3 AR GBSy
t boodaRh& Ml appokiniely 0.00YMORSE SitiBMF t& e RAHNERNthe depth of
approximately 0.004 inches and approxi mately 0.008

i RS thegropviean grigl 8BaspecrpRrogmately thiessims agthe depidipfat

ttb%st%ggmé Hawgmy ﬁ@mﬁ@énhﬁa@msa%m}%rmh'a r&)@g?
or the de tﬁ | east one of the grooves

diTh¢ denstnet they awoa@s mzezaasereaﬁn @r dednease moneotheicglho ox/msy mthaese
del?(} tt en dectrs%%e grré)e(c)r\egsse a%)(helnr}ﬁ:crrgaasg © %%P%%gala@es the depth of

nonot oni ca rease crease
demrge@cﬁes an’\ejnetdl"uea ﬁrsn@iireaim e.b. meﬁcﬂlyexx anpl 3@s mal be
t he ves ori ented r.st dlrectlon
o Ahererdbrop ey e eparedves i Pipdec ity e
t ReriZapilp noﬁld BB Jh 8QNESH, EHel Rpthed thezrdoves 6Aed in one
direction, horlzontally in FIG 3B. In

adisation ﬁ*aywh@geémhm Fid $hevhile Gsdepthfigerovedoriantedriea

d'séc%ﬁ& uﬁ&nﬁﬁmﬁmag?@%s%éﬂéhpgfdana'i&y Wihrdn® the depth
(%ﬁooves oriented in second difection within grld

55[50 L/Irbéhwp\b@stmn@ats@syllwrn@damf IG. [@s@anawfd@mws 0 may

e | tgd n.arka

f e%g:?u% Q??lggﬁ 51%§501Aall gllsé% d‘% 62 gdrr}Qi 2 rrrslsI a (liJe A3 iop 1 g%r/uggt\rlaet% 26

62nd @ fings ﬁﬁlufacbm)msf datekeie r59$rsa;ubntrate126uhséspa¢te/e2>6e oﬁmdﬂmg

I I 59 trat
- Bulsed istasiaf gaehbs Bl S h i BuS Dab ket Rl e Shefe
0f26 Miath @RKAIP OF ddnikifsing iMBPdtes Bifaties ffotn SRWIRYRbADNe domain
substrate 26 into a plurallt%ﬁof domai ns and i npedes

cta@kadigcrrfograii Mg HdFAtgRTOGis fermed proximpte sipndc ent

d@ﬁ&taﬁatlalﬁrd@xe@&uﬁ e&&mg%leﬁeol s formed proximate to
and substantially aligned with cooling holes 20.

10001 Aadessaibed dbiouel catioefidhe graeves ofienthdingy irstidirection may
&j@%ﬁaﬁ t \Bvﬂitkﬁvxf 1! £rfdhea9rh bEE gr%'av&%e{dég%?a é"ecEﬁJ &Fecg’br%'&v

rooves orien
diheecd seoondmeiyith Way én sxmseeemimdimm firs$\®idth |W lsmap be the same

enbodi nt irst w h W1.m th S ..

S RS, Wb Ml i BN M e L Py BR ifferent
Witliinkeddhd widt WE R ddiRioRih sothf afibsamensl tha vitith 0Bt lehdd one
addition, in sonme enbodlnents the wwdth of at | east
oEPOVE PHEVE 813 Tisitdbrgetion i erif 62 mayibe dha sams a5 AT diffierenisthan

MRy WRH mn%%r@&e%leﬁiﬂeﬁ fnet'hg rfﬂfst titéion tlrhgrld’\ﬁfjt 1 sBhe
anot her groove oriented in first direction in grid

62mbpgimeaisethe aidibdf erenves, Orltcﬁéd i irglofirestion negrid 62 may
OF ) SOLEG: dedre sestjn&g)lt(ﬁli&'llg e&l‘ida‘%ﬂ 0 k{ey%bﬁd .ﬁ@m?‘ﬁ{e jdth of

I NCrease or ecrease nohotonica i'n o
enbodeneingd it heinglediitactam in grid 62 may increase and then decrease or
decrease and then increase. The width (W1 or W2) of each of the grooves in grid
62 may be between approximately 0.005 inches and approximately 0.125 inches.

In other embodiments, the width (W1 or W2) of each of the grooves in grid 62 may

be between approximately 0.010 inches and approximately 0.050 inches.
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grooves oriented in a single direction in grid 62 may
i ncrease and then decrease or decrease and then

increase. The width (W1 or W2) of each of the grooves
ingrid 62 may be between approxi mately 0.005 inches
and approxinately 0. 125 inches. In other enbodi nents,

t i dt.h f th i d
el A hperoBLaShenn e Red oy o 8 FRRRRBhe My
aﬂﬁftodﬂ M@t 8 $pa&bd Wifertm@itsceslapatt Oi@lldr 1d#jedFOd\es in grid 58
al | el %Jooves in gr
t

b d
a‘é‘ﬁ?tb%t?qfﬁ &by Reviaroge eggas?lfnen@%hﬁgiﬁ?aggg §ba&9& between
dacﬁéc%ﬁg}so&gga ﬂrﬁ?%lg%ﬁﬁéen Gﬁbmdn@a&e@ 0.2lieghROVes in

grid [ustrate B. In some enbodi nents,
t fpprefimatglyde3 Dthese The pitelt mex imcreast] acleereasg mmvé@wguy,rfw

app%g%]ngﬁgﬁfégg%g ngﬁgg#éﬁgg%nhggﬁgn%%ngﬁgﬁéase or

damf@ammetymmottmm trahddytjonpreng distance Ba detvarnl adjhcnt grooves

b
T R S e ke 85 ERRE nf berdRinAfjeen
bglosedridfifed GenieciddixRon. Olhiseft eﬁlamﬂlesat}felpitslﬁ m one
direction may be different than the distance

beirsREian M3y J‘%Fé“é'ﬁ? or qgersatFeithin pEdk Pedvhils the %‘I&‘Ed‘ha econd

dis#&eibh Ridy bk ApREXTaRAACEI@R. the pitch in one
direction"may increase or decrease wthin grid 62,

wii062] Theeampitlttede, ¢-8. theglitansel from linsBito A prakyofiggoove 61, of the

¢ RRGEHLI BBl i BT 2By 18P A in SO BAPOMRE mB e

t hawesi mpmudatlelyg)'bmvw and agm)}dmﬁﬁcl)n@y inchesy ,In athdr i n
nbodi 0.2

" RERRERERS b uniiatar e 5RIhER BRE] & bR sk

eapokinmretys.3 iftdesanpl i tude may be less than 0.2 inches
{m%reater t han approxj nat el i pches. 100631 Eac

0.3 1
FhREMReErpovey i &g’ %X/P’/W&\Pée BE%V%FWaOf\Fé‘?SF efsHiopt
CEiRDes, FREIdIR) &r exSHARSH ardudfel HEHJARA afQhite Er6aaR far, AN
arcuate, truncated arcuate, rectangular, trapezoidal,

ofrapezpisaly ot wengHassassseationras ikustratefl insFIGS: &8 apeh 241258, The
c%@gs&f\or&lpprom of Qﬁcq’istﬁ"t %Eé\%@ﬁl n’éBE el slaﬁé & ag%h of

he grooves nmay i ffer The
ddpffelnermf Tm«lﬂpthxﬁf etatteofghogmesesnw Meb’eﬁmpmommately 0.004

d
LTty foah HENES 12 P HBRRA T Balyebo bt
glbOthe @Sooﬂfasymbﬁbbmmmmp@maimelmtmhyndheoﬂm appmheﬁatap d

tely .0.008 {nch ddi t h of
o RS S1RE i B0 AP g SRV BB L Y y

t fasp@ﬁnﬁt&f tht REmé&enthd d&fth 8t ath&@%ne%‘fﬂw%‘ro&v@?mﬁ% QQHﬁ?ﬁ:rent
be different than at |east one other of

gﬁh?@\?é?aswﬁéo'@érmfﬁh%gm?ﬁé dhe densls oy efoqresaayeingease or

decrease monotonically, may increase and then decrease, or decrease and then
increase. In some examples, the depth of the grooves oriented in a first direction
may be different than the depth of the grooves oriented in a second direction. In
addition, the depth of the grooves oriented in one direction may change within grid
62, while the depth of grooves oriented in a second direction within grid 62 may be

approximately constant.
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decrease nonotonically, may increase and then
decrease, or decrease and then increase. In sone
exanpl es, the depth of the grooves oriented in a first
direction may be different than the depth of the
grooves oriented in a second direction. In addition,

t th of th rQoves orlented i,n _one d| ctio
Rl B T e TR S e

Ofnlsl%ﬁﬁ 6fhni dirafl o8 am@nadnm)r@mﬁmmns Patuldsn For &xdntple, FRY. 308
@rOX|nater nstant 0064] In _sone enbodi nents

a‘l StERles anasrayqy featyEgs pdeh aéh“ 5§ PRyFalidy eicqirspiar depsessions 66

| fthaB@th QbsiARe 2. rm.u@rfny,m%@nm@tésyan%% bPRGHTes 68 that
features. For exanple,” FIG 3D illustrates an arra%3

otnchudes aiplerlinofthesagonalleprgesions 7@ ifermediin substrate 26 end B
Fr EIRRRAE By of RRfFE: 12 d A2 By St el v

i depresdiogs A furmedini wystotte lﬁexﬁgqﬂmhhtd epciecs@irdnlsreﬁﬁ)ns 66
d.in subst strat

LRI e R RAL AR k40, g ghafsloR 68 g@ho

eklbisphiisBlalighepw @it sdoding hdlds L@ omdng Apaiehséfratve oR6. The

pluraljty of circular depre |ons 66 may be forned

pAEREESTINS6¢ Betsd ardﬂ?ﬁeﬂdP\é%O oligg hlgd 2+ depr essi ons 66

A(D68] A showHIS A0S i 78 drid |, i@ BRGaIW, bihGasbiangephakiess 29,

formng a pattern of rows of depressions 66 between

adpbplumlityrdwlipyeal depressians A feran ditferepOmgsins Agpughesming n
Fh&tes 2@5a§fh@_ygﬁaht% 5?01 ultgr%L- rte§’51 ?1@ 6F' @%ﬁ)@g’%s of the particular

depr essi ons UI‘ al I
degtreers finoed by dlrcflldnrmeetagcmelr ermct elbmqabderpsesapnﬂﬁﬁd 7¢,awl7#ng

20 t th f
koAb R BB As i Bsblfelony b0 Bl RAPHRENTRG
Chﬁcbiﬂbaﬁmtldh@)aﬁgﬁdahth (aaﬁﬁnghd)lbsm(] CRlle ilhepaes @ht@d’ﬂﬁs 4nd,shapes

or 74 IIec vel depr essi ons 66")
deﬁée@g@?lsﬁ%éﬁéﬁe %fi?ﬂypﬂ%r I P BB %‘dtsbapeéﬁﬁl
SUBstRMnk 86 hi cahtbﬁpmédvm R, hmnﬁalfe@at@@s ma fhclude
illustrated Fatterns and shapes of "depressions 66 are

rréPRe'F%?‘O@% aorpl differephapashwieh pagitcalandienrgonalherpdliptisal shapes
?QF fA5)S 66 are contenplated. In addition, an array

0 eatures may i nclude depressions 66 of different

s iR066k As desshbekaboive, catheof depressagys 0@Imaydraved Hiapeiec at width

S wpﬁx omQ: gq%og nggtsug)e dhal;n%ge@ %1 a/%ﬁh %gfcd’egre%smras% m% e?ﬁh

of " ‘depressi on i Gamet
Smawhoﬁbmhﬁonotd’nﬁcaﬁy awteitedh othier svhbidimdviQfthe diameter or
r. decr ease

S 37 s siof s mhy et aseand dhes areae o deqrepse and then
diir@b&r InQiher BinBbdIm¥M 9 th&l&RMER B broOHOW df@)épﬂemdn@ 38 fhay
and t hen decrease or decrease and then increase. In

obr&rbsErtidlly sieHardhropghouipraayerfdeaties - dptiom gmbodiments, the
d@pRRLRES bPRRuP Y BBAch of depressions 66 may be between approximately

0.005 inches and approximately 0.125 inches. In other embodiments, the diameter
or width W of each of depressions 66 may be between approximately 0.010 inches
and approximately 0.050 inches.

[0067] Depressions 66 may be spaced approximately evenly apart, or may be

spaced different distances apart, similar to the grooves in grid 58 illustrated in FIG.
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be substantially simlar throughout array of features
64. In sone enbodi nents, the dianmeter or width W of
each of depressions 66 may be between approxi mtely
0. 005 inches and approximately 0.125 inches. In other
enbodi nents, the dianmeter or width Wof each of

| e de SRRt PR R AR BR OR B e

De;nb@ﬁmmm set%em@pr&map@mﬂmamraaa apfbaniteBV@B linthes.
Qﬁé or may be spaced different distances aﬁart,
pilgh may ‘Pﬁéasﬁr%é‘?)?é%as? Rogptepically. may ingrsass @ui then FI G
18 38se, TS débn%&s%%@ tl@n ki‘ﬁc‘ré’h‘%@ ®r aﬂ}(%e ePprotifRlSS &dnse. 4R
na vary in sone mbodi ment’s bet ween appr oxi mat el y
ifigre Heglisignge @ptmt\bﬂsanr@dtaéw depressiong ke dn a firshdirgstion may be
ase
”ﬁ%ffetﬁﬂhgﬁ‘ﬂﬁ"?%%@gﬁ&m L T R (T
ndiyedsien abpsomelelmhplley tlmﬂanh amone directiachalay inoreaset dr@ecrease,
arPUERSHEhAH HESR FRbAFCHEy beRRROTRED Pl B ohé"
be;tamqeers &djp&ﬁlemttwdeﬁwmaﬂbnﬁerﬁ&ldldﬂlaa desiongimay each change,

di rection. me .exanpl es, the pitch in one
dFBe tTGHF W&W ﬁwa%ede&reaa%'@rbéﬁs@reww&r PreingrRRse g ¢ Bt
| QiréetiDR aANdectiasemtd LEoridRireRfonaPPr oXxi mat el y constant .
In other exanples, the pitch in two substanti al I?/
pd0e8hErcdunf deprasiane 6 918y havgonsd verieh gécrOSSesegthna shapes,
[ [ [ .

RSO SO B SRR B ot o
d @tangalgecrpss-sactimc aidlugiatedat FHBS. I[HmﬁalA—EEc rThofcross-
dP célgrsfas Iq I}ﬁ%snogleg&%oflae%ress%qg ? mc?lyng OP% S8 31% lbg dlfgerent
amadthiat @, artay i Gatved 641 68)at 2. Tlecdeptigafleach oftdemesz@isdsalmay
or triangul ar cross-section, as illustrated in

1 bpbeygemAPHRImARY 0 Qoéggche%ra%Parpaﬂlm?}rﬂwaqzﬁgn@?s elaéﬂme

Ofem%dﬁfn%ﬁﬁ | 198 8e AP o ¥ BEIpRBsiSAEH Rhy B@Wet\b&nqllpf)rfoﬁfnﬁft‘ély
within an array of features 64, 68, or 72. The depth

00-004 dnehes andeapprosisnagily 0688 msyes. e adrlitioe dhe depth of depressions
agp Ra\ql)ﬁ'in'@lt a?'}a¥ o? 0 @C 6€r 89 fhaﬁ B g}%ﬁ'bm&ll)y the s%@or the

inches. In sone enbodi neénts, epth each
ddpwtbsﬁatdmt @6 aftlye d@erdssomeﬁénnaﬂmdaffcmmtbaryat l@st&@m— other

%? ﬁg%e@ﬁ% (%Q%B O)f‘hg@ép?ﬂ Jf tg%gg#estsn%%bgbs ay ﬂlcr%glgel c%rldgprbase

epressi-ons n-an ar
f aainufoes:aﬂiﬂ ma®8ncreerse 4i2d tivery ddvecaaq)or dedremaé &xidythémmcﬁasrfe In

east ogne of the depressions 6
g e st inefeafroons et SHEEHEon i eRg within an
deRhessicftifes 66, 68THE7X amtid tHRfdepth f dERERRRE B8 MahBr MBY not
i ncrease or decrease nonotonically, nmay increase and

t §b#ngg lone asecongsubiatially Beraendiquias §1rpeiiop ajthén the grray of

aqdintbogu, 6k N 7dept h of the depressions 66 may change
al ong oné direction within an
[0069] Although substantially continuous features, such as grooves 54, and

discrete features, such as circular depressions 66, have been described separately,
in some embodiments, continuous and discrete features may be utilized together.
For example, FIG. 3G shows an array of features 76 including a plurality of

grooves 54 and a plurality of circular depressions 66. Grooves 54 are oriented
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array of features 64, 68, or 72, while the depth of
depressions 66 may or nmay not change al ong a second,
substantially perpendicular direction within the array
of features 64, 68, or 72. [00691 Although
substantially conti nuous features, such as grooves 54,
circ pressi ons

oD paecliBSe gy S p BFefiyn SthsfeegRproamate t

ea&mg INBIRS 80. BAkitioHOHE0vR 84 dieSabRimiallRaidhed o ERYinPBoles
utilized together. For exanple, FIG 3G shows an

aP9-alp asher moads pretge V@bqﬂwpmdllwga@dm EHGaI3Ge grosves age hssied
gée@e& RwRlo E@Ann%mo@é 261 4h§ u}ea{pp%ﬁnﬁﬁagl @paséﬁt frSth QRMER

4 are oriented substantially para to eac
ophesolingibolay 20 érogithetsidqofsanssier titecon2 @ grooxctsrﬁeit @Sutlpan

| 20,
COBMRENSH5<E0y B S RBCE R
WbEilg Jochtad béte/e eniljsbenegrboviek.| as tesatiggd dbovd; ks m3Gimprove

gr,ooves. are | cat of cgoling holes 20,
O S B e LT BE S P AR ARO T ISty he Sow . of

C 70N e bdintsCobss 53inths HRfapprok RFREE tHe\sBmO MEdtRT
grooves 54. Such an arrangenent My segregate

s %P? shoandp FiG 35 glngither smpediments newr Aore Eaetes 3o mayrbe
bgldngerén@ GAdR WO RLNBEEr gqb@@ et Irggo%ve%odﬁ%n@seé WW% of

ab ove, this may |nprove thermal stress reS|stance
TBEh2E grooveset ooy bbb wecatapp@Bim{tdP VOPS inshesoamd approximately

[ 4 r ©X h
TR g S oHEPGER e Te BRPRR DRl LR RLEe
ohetween apprexigaeyved] OEAChmynctm)pr(&ndatél&é)r(Emmohcdt h W
grooves 54. In so enbodi nents, a width W
o0 R Rbe SROK Gt iy bnpRosd SBBEOLE Bt Gy be
OspHI&d difffereas digtanked PO XTHER Ednge DO .bkdieeh BGRESt globveatsher
enbodi ments, the width W2 of each of grooves 54 may be
m@e reterost 19,85 Ritghe PYA 9. SOME emReHBISN S THALYASY BSNGRRt el y

pégmhﬁfeﬁ‘_}e@ 2 il RO akk aﬁgl}oﬁffﬁﬁ‘ély 93aRMES. é%o%%nﬁ@dlmﬂ&eme

approxi mat'el y evenly apart, or may be spaced
dipft¢heman tncegase camie@rsasapmnptonrphlé) dingthen emb®iimpris vﬂe@nltch

Iagfiag(f[?{l] éas IT%[RPMQHS de%ﬂeasmymg\}'e dec%%serarng(éhegl(?nc@ g’as@ I fn e@;fd

ome enpodi nmen r oxi
0 e@bodioksts, ankﬂusamed m(FlﬁaBGL ;he @itdh mayg be a:pprd>x1matatveconstant.

A MEELRRRRH 3% e BitoBF oEMEbA AAREY of RO preF Lo shages.
| Rl eiage fardarh ple ndedhRatencafed ARYiatd Qe Etear abdpet i@, or
increase. In get otﬂgvr enbodi nents, as illustrated in

FrEan2alar Crpsesehiqne fs Hustra 18 f it ANy 2Bo ket grooves

[ 8972l KA O@Y @én@émmcm\éﬁpreﬂ@ & at TRERnO b Gro¥fsis8in¥ayof
cross-sectional shapes, _including, for exanple, an

aha\a differept gresstseeiioaplqrefile thanasetherguie af gropyesdz dihd depth

Olof each of grooves 54 may be between approximately 0.004 inches and
approximately 0.020 inches. In some embodiments, the depth of each of grooves
54 may be between approximately 0.004 inches and approximately 0.008 inches.
Similar to the width W, the depth of each of grooves 54 may be approximately the

same or the depth of at least one of grooves 54 may be different than at least one
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triangul ar cross-section, as illustrated in FIGS. 1B
and 2A-2D. Each of grooves 54 may have the sane
cross-sectional profile, or at |east one of grooves 54
may have a different cross-sectional profile than
anot her one of grooves 54. The depth of each of
grooves 54 en a xi mately 0.004 inches
TS Frtet ke DR B G oR B eEiay ReGatfeor shttiennt s,

t hﬁnd@ﬂkﬂl}@fna? e a0d arii A& @reabd oNBtrdace AR tHEERCrease.

aﬁ§HOX|nate 0. 004 inches and apprOX|nater 0. 008
8k The mprgfifypf cirgulpnepigstions 6ymayhe @Eﬁdrpr%m@tfdﬁ of

g E&mﬁg%oféé ZWHQQ?IQQP{G:%HE%%%@/ al&ch%bstgrﬂgl?% Uigh Q’Fl 916 pth

| east one o ooves an at
I e@émg balss 2@ fotnkieg a oattegm olowes OSdﬂpréI'SIalentié@mtﬁrmersgd o0wes

54, may. | par e or decrease nonotonically, may
iﬁgredgéngﬁgﬂfhen decrease, or decrease and then

i [7épEa&ch of cDOWME]depiresiqrisWbahdythaveoh diameedbawidth W1, which

B EE D5 o e PR 260 SpacLf & n Yoo

S usbamenta] thy diamb@NEOm O W1 of ethiofgirfi0ireRpr Ssiods@6hdidbe
pattern of rows of depressions 66 interspersed in

a
é‘a@tanmﬂ%&aal e digmeter 2oWidty §749f cizgelar dpprassiprs foapay
dERIBSSHUISre AR ENGIARMBY, Br RleANBA&L: RNwi M‘égﬁf;/hh\(;\}é! gﬂnaw ch

may be the sane as or dlfferent t han
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approximately constant. In other examples, the pitch in two substantially
perpendicular directions may each change, e.g., increase in both directions,
decrease in both directions, or increase in a first direction and decrease in a second
direction.

[0076] Each of circular depressions 66 may have one of a variety of cross-

sectional shapes, including, for example, an arcuate, truncated arcuate, rectangular,
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direction may be the sane as or different than the
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one direction may increase or decrease, while the
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tur bl ne seal “segnent, an al
depressmns or combmatlons of these features 34. The features may be formed by,

for example, chemical etching, photolithography, laser machining, electrochemical
machining, electro-discharge machining, micromachining, vibropeening, or the
like. In chemical etching and photolithography, portions of substrate 26 are

exposed to a chemical that reacts with substrate 26 to remove material from
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100781 Initially, an array of features 34 is fornmed in
substrate 26 (82). The array may include a plurality
of features 34, which nmay be forned proximte to and
substantially aligned with cooling holes 20 forned in
substrate 26. The features 34 may include, for

ex | e near 00 or sinusoidal ,grooves, a grid
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[0083] After formation of bond coat 30, thermally insulative layer 32 may be

formed on bond coat 30 (86). Thermally insulative layer 32 may comprise at least
one of a variety of materials, including, for example, yttria-stabilized zirconia,
yttria-stabilized hafnia, a rare earth oxide, a rare earth oxide-stabilized zirconia, a

rare earth oxide-stabilized hafnia, a silicate, a zirconate, an aluminate, or
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sprayi ng (LPPS), high velocity oxy-fuel spraying
(HVOF), electroplating, or the |I|ike. Bond coat 30 nay
be formed to a thickness between approxi mately 0.003

i nches and approxi mately 0.020 inches. In sone

enbodi nents, bond coat 30 may include a thickness
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[0087] In some embodiments, first thermally insulative layer 92 may comprise a
first material and second thermally insulative layer 94 may comprise a second
material. The first and second materials may be different, and may be selected to
provide desired properties. For example, the first material may be selected to have
a coefficient of thermal expansion that more closely matches the coefficient of
thermal expansion of substrate 26 or bond coat 30, while the second material has a

coefficient of thermal expansion that is not as similar to the coefficient of thermal
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15% Second thermally insulative |ayer 94 may be
formed with a porosity between 5% and 40% preferably
bet ween 5% and 20% In sone enbodi nents, the porosity
of the first and second thermally insulative |ayers 92
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formed by depositing first thermally insulative layer 92 in relatively thick layers,
which builds stress in first thermally insulative layer 92. This stress buildup may
result in formation of substantially vertical cracks 102, which release the stress. In

other examples, first thermally insulative layer 92 may be formed of a plurality of
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This may | ower the out-of-plane stress due to a
thermal expansion m smatch across the interface of
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formed in a second location 114 of substrate 26. In the embodiment illustrated in
FIG. 7A, each of the features 34 comprises a hexagonal depression.

[0094] In some embodiments, the predicted thermal stress at first location 112 may
be greater than the predicted thermal stress at second location 114. The thermal

stresses experienced by first location 112 and second location 114, respectively,
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experi ence during use. The predicted thermal stresses
may be determ ned based on experinental data, e.g.,
data coll ected from previously used or tested
conponents, or nmay be predicted by theoretical
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pacr ng Ur &5 34
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array 132 of features 34. Within transitional array 130, the spacing, or pitch,
between adjacent features 34 may change substantially continuously from the
spacing of features 34 in first array 128 to the spacing of features 34 in second

array 132.
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of arrays including different shapes and depths are
illustrated in FIGS. 7D and 8, respectively.
Alternatively or additionally, a single array 116 or
118 may include a pattern in which a size of the
features 34 changes t hroughout the array 116 or 118.
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gggatcyn{g%set\g’eféln raga Xeg?? a&g%éféré) gn bcgo:nn rra%'I n% ﬁlrclutd?s J i { spacmg
f BétWeétesdjﬁ%nMﬁeﬁthteﬁ 38 eﬁfmﬁitlaﬁ arday Usieznchhd%s SpHtihg between
I’TROdI nts, vxﬁ og rmr@ $haract. ristics of features
3& Ja%enb eatugqszaél @ﬁ %CS %(B ﬁmga‘mlgﬂocwam% Ct%’ﬁg‘h gtures
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illustrates a substrate 26 including a first array 148
ofl 52.ekatthis @@y giansitional array 150 provides a substantially continuous

transition from the patter of features 34 in first array 148 to the pattern of features
34 in second array 152.

[0101] While FIGS. 7A-7C illustrate first and second arrays of features 34 that
include similar features 34, in some embodiments the first and second arrays may
include different features 34, as illustrated in FIG. 7D. In FIG. 7D, substrate 26

includes a first array 166 comprising hexagonal depressions 34i and elliptical
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conprising parallel grooves in substrate 26 forned at
a first location 142 of substrate 26. Substrate 26

al so includes a second array 152 of features 34 forned
at a second |l ocation 146 of substrate 26, and a
transitional array 150 of features 34 formed in a
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depreSS|on secon ocation
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pitch and the shape of features changes bet ween
|Ch@rge hetwgon figslogatipndée endisegprcilpea®®.16én beothgaqm’@odlmem

c 'tﬂ'ecﬂ“cﬁ‘ of cooling holes 20 may not change between first location 162 and second
location 164. In some embodiments, other characteristics of cooling holes, such as
a size or shape, may change between first location 162 and second location 164.
[0106] Although not depicted in FIGS. 7A-7D, in some embodiments, a first array
of features may include substantially continuous features (e.g., grooves 54 of FIG.

3A), while a second array of features includes discrete features (e.g., circular
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depressions 34k are nerely exenplary, and any shape of
features 34 may be used in second array 168. [0104]
In some enbodi ments, instead of the shape and/or pitch
of features 34 changing between first array 166 and
second array 168, the shape and/or pitch of features
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exanpl es descri bed above with respect t FIGS 1-6.
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depth d3 and a width w3, which are greater than depth d2 and width w2,
respectively. Finally, fourth feature 340 includes a depth d4 and a width w4,
which are greater than depth d3 and width w3, respectively. Features 341, 34m,
34n, and 340 are arranged in a repeating pattern, increasing in depth and width,

then decreasing in depth and width.
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that provides greater thermal insulation but is nore
costly. In sone enbodinents, nore than two TBC
conmpositions may be utilized in a single article. The
conposition of the TBC may be sel ected in conbination
with the arrays of features 34 to provide tailored
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i fOrRE f:qnpgcllmp@)té 4h¢ prgdigtjen of thermal stress may be made based on

experimental evidence or data, such as data collected during use of a similar
substrate under similar condition to those which substrate 26 will experience. In
other embodiments, the prediction of thermal stress may be made based on
theoretical stress calculations based on material properties of substrate 26, bond
coat 30 (see FIG. 1B), and/or thermally conductive layer 32 (see FIG. 1B) (e.g.,

using finite element analysis).
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a substrate 26 (172). In sone enbodi nents, substrate
26 may include cooling holes 20, while in other
enbodi ments, substrate 26 may not include cooling
hol es 20. The features 34 may include hexagona
depressi ons, as iIIustrated in FIG 7A, or may
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second array 118. The transitional array may be formed by any of the processes
used to form first array 116 and/or second array 118. In some embodiments, the
transitional array may be formed substantially simultaneously with first array 116
and/or second array 118. In other embodiments, transitional array may be formed

sequentially with first array 116 and/or second array 118.
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26, bond coat 30 (see FIG 1 B), and/or thermally
conductive layer 32 (see FIG 1 B) (e.g., using
finite element analysis). [01161 As descri bed above,
first array 116 and second array 118 may include first
and second patterns of features 34, respectively. The
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layer 92 may be formed with a plurality of substantially vertical cracks 102.
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[01201 After formation of bond coat 30, a first
thermally insulative layer 92 (FIG 5) may be forned
on bond coat 30 (178). First thermally insulative
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cracks oriented substantially normal to surface 36 of substrate 26. The plurality of
substantially vertical cracks 102 may further contribute to thermal stress tolerance.
While not wishing to be bound by any particular theory, substantially vertical

cracks 102 may improve mechanical compliance of first thermally insulative layer
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coefficient of thermal expansion that is not as
simlar to the coefficient of thermal expansion of
substrate 26. In other enbodinments, first thermally
insul ative layer 92 and second thermally insulative
| ayer 94 may include the sanme materi al s. [0124]
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profile. Other combinations of features and arrays described herein will be

apparent to those of skill in the art, and fall within the scope of the following
claims.
[0128] In addition, while the disclosure has primarily directed to features formed

in a combustor liner of a gas turbine engine, the techniques may be applied to other
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tenperature and cooled rapidly to thermally shock

| ayer 92 and form substantially vertical cracks 102.
As anot her -exanpl e, substantially vertical cracks 102
may be formed by depositing first thermally

insul ative layer 92 in relatlvely thick |ayers, which
builds str in first th i nsul ative | 92.
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underlying blade surface, the protection provided by the coating may be lost,
potentially reducing the service life of the blade and, more generally, the
mechanical system which includes the blade.
[0131] While one or more of the techniques described herein may increase

adherence between a coating layer and a blade surface, one or more example
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of the techni ques described herein. For exanple, as
briefly described above, airfoils, including turbine
bl ade airfoils for a gas turbine engine, can utilize
the features and arrays of features disclosed in the
present appllcatlon [0130] Blade airfoils may be
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[0134] During operation of gas turbine engine 220, blade 200 rotates relative to
blade track 222 in a direction indicated by arrow 230. In general, the power and
efficiency of gas turbine engine 220 can be increased by reducing the gap blade

track 222 and blade 200, e.g., to reduce or eliminate gas leakage around blade 200.

35



a |l eading edge 206, a trailing edge 208, a pressure
sidewal | 210, and a suction sidewall 212. Pressure
sidewal | 210 is connected to suction sidewall 212 at

| eadi ng edge 206 and trailing edge 208. Further, bl ade
200 defines blade tip 214, which is a surface
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in the example of FIG. 11B, a second coating 242 is formed on first coating 234,
surface 238, and features 236.

[0137] In various examples, surface 238 may be leading edge 206, trailing edge
208, pressure sidewall 210, suction side wall 212, blade tip 214, or another surface

or combination of surfaces of blade 200 or another mechanical system component.
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bl ade tip 214. For exanple, a tip coating 228, which
is described in greater detail below, nay be provided
on blade tip 214 to inprove different properties of an
underlying bl ade surface including, e.g., wear,
corrosion, hardness, and/or tenperature resistance
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to substrate 26 in FIG 1. [01391 Surface 238 of
aiincusie] bus grsgnof Hmitedmy Mg 1 halleyesberg M i fenGprinpent al

combinations thereof) with one or more modifying elements. Examples of
modifying elements include, but are not limited to, particle dispersions of alumina,
chromia, chromium carbide, and combinations thereof. In other examples, first
coating 234 may include Ni with an abrasive material, such as, e.g., cubic boron
nitride. In yet further examples, first coating 234 may be a yttria-stabilized

zirconia. A yttria-stabilized zirconia layer may be formed directly over surface
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conditions that have a tendency to corrode, abrade, or
ot herwi se degrade surface 238. Accordingly, first
coating 234 may be formed over surface 238 and
features 236 to provide protection fromthe harnful
envi ronnent al condi tions. In some exanpl es, first
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b AR, Ll AR ST 2 RS R BER g e
vapnaghg (IdVOF), electroplating, or the like.
[0142] As described above, features 236 of substrate 232 may function to prevent
detachment of first coating 234 and/or second coating 242 from surface 238.
Features 236 may correspond substantially with features 36 described above with

respect to FIG. 1. In general, features 236 disrupt the relative planarity of surface
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di fferent harnful environnental conditions including,
e.g., elevated tenperatures and pressures, reactive
or corrosive species, and the like. Thus, surface 238
and features 236, in a variety of exanples, nmay
receive a plurality of different coatings (e.g., two,
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250, such as a half-circle or another, lesser, portion of a circle. In other examples,

as shown in FIGS. 12B-12E, a feature 236j may include a generally triangular
cross-section 252, a feature 236k may include a generally trapezoidal cross-section

252, or a feature 2361 may include a truncated arcuate cross-section 256. Such
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may limt crack growth and may contain crack gromh to
a single domain. Accordingly, even if a crack forns,
crack growh and coating delamnationis Ilimted to a
portion above a feature or between different features.
[0143] In addition, features 236 may increase the
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edges 26 As anot er exa ustrates
intersect edge 216 on the X-Z plane illustrated on FIG. 11A. Such an arrangement

may help prevent delamination of first coating 234 and/or second coating 242 from
surface 238. While not wishing to be bound by any particular theory, during
operation of gas turbine engine 220, various forces including, e.g., thermal and

shear stress forces, may concentrate at edge 216 of blade tip 214. The
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feature 2360, which is an exanple of features
236e-236h (FIG 11C) with rounded edges 262. O her
features, as illustrated or described in the present

di scl osure may be configured with rounded edges.
Rounded edges 260, 262 nay reduce stress
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features may be arranged between at least approximately 10 mils (i.e., 0.010
inches) and approximately 200 mils away from edge 216 such as, e.g., between at
least approximately 50 mils and approximately 125 mils away from edge 216.
[0149] In some examples, linear features 302 may all be approximately the same

width W, as shown in FIG. 13A. In other examples, one or more linear features
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coating layer may delam nate from surface 238. In
addi tion, because blade tip 214 effects the

aer odynam c perfornmance, and hence efficiency, of gas
turbi ne engine 220, arranging features 236 such that
features 236 do not intersect edge 216 may provide
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monotonically, may increase and then decrease, or decrease and then increase.

42



[ 0150] Adj acent l|inear features 302 may be spaced
approxi mately evenly apart, or nmay be spaced

di fferent distances apart. The di stance D between
adj acent linear features 302 may be referred to as
pitch, and in some exanples, may vary between

approxipately 0.1 inches d approximately 0.3 inches,
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ofonsonidly in Bt (|PBanaydone adifst Mitth d4k andypach o€ fhedigear features
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features orms subs par a 0 each” ot her
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S lfle:a§ trg Pnt grlad Zil)é aayr 3 cJ &erent(%hanatﬁe width of another vertically oriented
linear feature in grid 313. Similarly, the width of at least one horizontally oriented
linear feature in grid 313 may be different than the width of another horizontally

oriented linear feature in grid 313. In some examples, the width of horizontally or
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ot her and substantially perpendicular to the first
plurality of linear features. In various exanples,
each linear feature is a groove 312a that creates a
depression into surface 238 or projection 312b t hat
extends out of surface 238 (collectively "linear
features 312 id.313" I n.one exa i near
¢ SO riga5d ipler e i A13 el fasR 5T PR eaue
3ikdnotbicAROWRRE incotRdFRk Anplkd, BRAVIdTheFhufifshtalyr dktically
proj ections resultlng i n depressions 314.
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exanpl es,  each of |inear features 312 oriented
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f i Sfe ddeblidh MiylincRBG Ra6HARE wilifh éridrﬁ@r wﬁn‘f‘e&hé‘bﬁ& ina
oriented substantially vertically in FIG 13B may have
a seropd dieagiod ey \he appraximaghecenti@npl es, first width W
e [
P R SRR ARG TS kB WA, B B E o
vvisbb:phs iR ludimg, farcdamplegn arq:ua@otmnqatcdmmues tettenguilatt h of
at_| east, ane. verticall orlen r
et ARGt El e B S e BBl o6 4RGN dPA -
vand 12z4Hb.yEqshi oftiiecithear femers m‘ g&t 33emayrhage it satha cross-
Sim/larly,_the dt h of ﬁt east one hor ontaLIy
o PP TOTIF AE AF (AR APE 91 § lingF Iegtugepan ﬁ’é‘;‘/ may F4Eent

t Raeréd @rosd-sichoRfi pRyTRd ﬂﬂ@r‘ attMelr NG ah¢ MneaPfeh®idsafl grid 58.
l'inear feature in grid 313. In sone exanples, the

wiThe Hersh ohench 26 e dineay fepturas \2aof fhedicieht ofcaelnefdines fatures
f
SR inG b@Ff&%& m%%ﬁ)xﬂﬁa&el I8 Ane Ok d%??i’o?ﬁiﬁw 0.020 inches.

nonot on I n Other exanp
hdr sanonealripjesothe denth pLepich pf the linear features 312a or the height of

each of linear features 312b may be between approximately 0.004 inches and

ance

approximately 0.008 inches. Similar to the width W, the depth of each of the
linear features 312a or the height of each of linear features 312b in grid 313 may

be approximately the same or the depth or the height of at least one of linear
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oriented linear feature in grid 313 may increase and
then decrease or decrease and then increase. The
width (W or W2) of each of the linear feature in grid
313 may be between approxi nately O. 005 inches and
approxi mately 0.125 inches, such as, bet ween

a rOXI t el O 04 i nches and a pr teI 0. 008
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[0158] As described above, array of features 320 is formed proximate to edge 216
without intersecting edge 216. In various examples, array of features 320 may be
immediately adjacent to edge 216 without intersecting edge 216. In other

examples, array of features 320 may be arranged a minimum distance away from
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depth of each of linear features 312a or the height of
each of linear features 312b may increase or decrease
nonot oni cal ly, or may increase and then decrease or
decrease and then increase. In some exanples, the
depth of each of l|inear features 312a or the height

of e .of linear features 31 orie n afirst
QIS PR £ 8. miE Brpgcs et DeGRth fespecsis FIC.
dijAerent than the depth or height of the Iinear
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é r aoves PZ E g si nusoi dal qﬁgre ard
FYSeEa" Y Bt o h etwﬁ%’ia@%%iﬂ%?téy & 8™ col um
Otipprokiftideni 0lads inelfds Wuels adfB)s . Iberwited bfifotida@lyOPY@Sin¥es hid
another row or columm, e.g., an adjacent row or

c BPRIAHMAlEhK 0-B28 eSS ned by projections. In different

eXA8B] Rdjacerd 5!11‘311@ fodVBY ordrbiBEMAL fn SR m%?ﬁ(fe%gg\%g g;d

projections including, e.g., one groove
oARPrp¥iojatedst ¢venly apart.eor playbalspaocpd diffegano dis@scels @bart wisilap yo

S }%L%‘&@Jek I%gr%fﬂor?lrll?sltrg&ﬁ LPPRRG. 1E§r tlrbg me e?%pxp[lgttheo %tagge D1

Ions are contenp
conbi gajscartefecmd t@as itcB22r pagr E)gnmn adﬁaéemc groddd arnt o a

plural.ity of dopmins and.i es. cracks from g

P PHHRRE B ey ec iR 6D inkh i pamrg ey 8.5
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proxi mate to edge 216 w thout intersecting edge 216.

" inchsy .%éﬂ%&@ﬁ%rr&easeawrd&yw pongfanically.anay Inefasgand then
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I n other exanple array of features 32
magditien, &rerdisigneg Di hﬁwmdaam@gmw cawayeq’tmmme@teédge

VZM .lat@% taRelsding. be%,;?e&m@ﬂaq'tﬁm&ﬁc%tﬁf@e%wée%dﬁ%&% LRSS or

respect
projections oriented in a second direction. In some examples, the pitch in one

direction may increase or decrease within grid 322, while the pitch in a second
direction may be approximately constant.
[0161] The amplitude, e.g., the distance from line 326 to a peak of groove or

projection 328, of the sinusoidal grooves or projections in grid 322 may vary, and
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13A. 101591 As further described above, each of the
grooves or projections oriented in a first direction
may have a first wwdth WI. and each of the grooves or
projections oriented in a second direction nmay have a
second mﬁdth VQ In sone exanples first width W1
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Adj acent B?rallel grooves or éthtlons ingrid 322
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S Pk ?é%stdd o? fHe OCQ%§ to?Fh%%% iea§t'om: lo?{he%%JeJtllaﬁs in grid
grooves |n gri ust rat |n FIG 13 In so

e&%ﬁmpbsebe amimatsiyah@@rr@lor ngay bbzllf(qbrﬁ@m@f kpstede PO as
? roove B n;grgjectz gn lge ;3%%5 ?9(1, @e&)ﬁ\néf LS %r N i{he hel,%lt of

I ons WEEN appr o
aﬂﬂ p&gmmns may eicyea@a & detrﬁﬁd&&ﬁqnoﬁiﬂ&bllﬁ&nayﬁng‘ease led tkeen

appr oxi mat el 1 nches rox el.,y 0.250
e, SrHEt B ey PEee J8 ooy DI aaeE et of e
wgmb&mr@tael HeYght 6Bife bnﬁécaaﬁsa)r@n@dmh@ ﬂrst dﬁé‘dh@ﬁlﬁﬁy beRY
decrease and then increase, % be approxi mately

c Bifterann than fhe degdif thegioovep gr %FP beighicad thprpjeetigng ariented in a
agécgﬁ(?@lfrecg[n? Ofﬁeﬁidﬁ’lon p[fl@ﬂﬁ)‘fﬁ bEARS gr%%b&rgr% He‘fgh@of i rst

direction may be ditfferent than the distance
betoyestiansaatjeatsd in o ditoéen wey clpneg whingnd 382, |Wéfnteethle daptin

oFEEREI 5 TEy Mo L BRTBGIGPRAER n | ol D
m@nﬂezzhmybehmhommwabgﬁmﬂmd direction may be ’

appr matel y constant. [0O1 he anpl i.t.ude,
¢ R3] LY E S e Pal o eses st B RS e o eutes
pir@teﬁ@bfﬁﬂar&gf%f s@tfstahfiglySdoRtis@iud 8dat@ésO PoLEx@iple, FIG. 13D
projections in grid 322 may vary, and 6
illustrates an array of features 330 thatincludes a plurality of circular features 332.
Similarly, F1G. 13E illustrates an array of features 340 that includes a plurality of
hexagonal features 342, and FIG. 13F illustrates an array of features 350 that
includes a plurality of elliptical features 352. In various examples, each circular,
hexagonal, and elliptical feature 332, 342, 352 (collectively “features 332°") may be
a depression 332a, 342a, 352a into surface 238, a projection 332b, 342b, 352b that

extends out of surface 238, or a combination of depressions and projections. In
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in sone exanples, may be between approximately 0.2

i nches and approximately 0.3 inches. |In other
exanpl es, the anplitude may be I ess than 0.2 inches or
greater than approximately 0.3 inches. [0162] Each of
t he grooves or projections in grid 322 may have one of
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projections, in grid 322 be appr oxi mat el
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OFRAVEaRly [0 ed LR 21 @v@tﬁblq iérectihB@dstePteh 1Rbinkhe
grooves or the height of the projections may increase

gpxam&?sww crfémureh%bnmbe mgwmméu@émahsﬂaqcn eway from
oSS SO AL B BRSGUTELAREE R

t ﬂléApiroyhsotlarmnls amay efiftedres ?3(? sg@ 1350 segég@gttsmnfaqws hﬁo a
o pIoiT BB oS PRl bheath e Sdelds F B

agidiidtingRrack GRowik Bidin@fedin Rragk OB Sréwing AOmhse Wbinamfto an
the projections oriented in one direction nmay change
wAtIAFERt €4maiN-322 while the depth of grooves or the

hed 168 AQEhdWiEInIQE EBID, 358 oM | BNHRGD1A1E oF RRARE 332 form
direction within grid 322 may be approxmateH%Th
y €

c diferent patterp B impis te edas ?éﬁmpetsmtessegtmgfeég#
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array o anti y contlnuous
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g%gdl{lg@fan Iang\lf utdfe gtE% la?li,rg%llddlte uegs{hP;g ISrO?%IeélﬁJr%Srﬁgt éjlgfgrsent
femmeieﬁc@ﬁ@nmhﬂbfmn@hydes a plurality of hexagona
features 342 d FIG, 13F illustrates an_ array
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inches and approximately 0.175 inches, such as, e.g., between approximately 0.02
inches and approximately 0.125 inches.
[0166] Features 332 may be spaced approximately evenly apart, or may be spaced

different distances apart, similar to the linear features in grid 322 illustrated in FIG.
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47 one exanple, features 332 are all depressions. In
anot her exanple, features 332 are all projections.

Al ternatively, sone of features 332 may be depressions
while other of features 332 may be projections. For
exanpl e, features 332 may alternative between

d i Qns a roj ections i ncludin
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332 may change along one direction within an array of features 330, 340, 350,
while the depth or height of features 332 may or may not change along a second,
substantially perpendicular direction within the array of features 330, 340, 350.
[0168] Although substantially continuous features (e.g., linear features 302) and
discrete features (e.g., circular features 332) have been described separately, in
some examples, continuous and discrete features may be utilized together. For

example, FIG. 13G shows an array of features 360 including a plurality of linear
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di fferent distances apart, simlar to the |inear
features in grid 322 illustrated in FIG 48 13B. The
di stance D (also referred to as pitch) between
adj acent features 332 may vary in sone exanples and
nay be between approximately 0.1 inches and
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| I1()170] Adjacent linear features 362 may be spaced approximately evenly apart, or
may be spaced different distances apart. The distance D2 between adjacent linear
features 362 may be referred to as pitch, and in some examples, may vary between

approximately 0.1 inches and approximately 0.3 inches, such as, e.g., between
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some exanpl es, continuous and discrete features may be
utilized together. For exanple. FIG 13G shows an
array of features 360 including a plurality of |inear
49 features 362 and a plurality of circular features
364. In various exanples, each of |Iinear features 362
and chcu} 45£eatures 364 may be depression (
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approximately 0.02 inches and approximately 0.125 inches.

[0174] Circular features 364 may be spaced approximately evenly apart, or may be
spaced different distances apart, similar to the linear features in grid 313 illustrated
in F1IG. 13B. The distance D1 (also referred to as pitch) between adjacent circular

features 364 may vary in some examples between approximately 0.1 inches and
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may be spaced different distances apart. The distance
D2 between adjacent linear features 362 nay be
referred to as pitch, and in sone exanples, nmay vary
between approximately 0.1 inches and approxi mately
0.3 inches, such as, e.g., between 50 approxinately
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height of circular features 364 may or may not change along a second,
substantially perpendicular direction within array of features 360.

[0176] Although features in the preceding examples of FIGS. 11A-11C and 13A-
13G are generally illustrated as being arranged parallel to edge 216 of blade tip

214, it shall be understood that the disclosure is not limited in this respect, and
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[01741 Circul ar features 364 may be spaced

approxi mately evenly apart, or nmay be spaced

di fferent distances apart, simlar to the |inear
features in grid 313 illustrated in FIG 13B. The
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linear feature. 1n some examples, blade tip 214 may include a plurality of features

res

instead of a single feature 370 oriented substantially parallel to a perimeter of blade
tip 214 established by edge 214. For example, blade tip 214 may include a

plurality of concentrically oriented features, each of which is oriented substantially
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hei ght of circular features 364 may or may not change
al ong a second, substantially perpendicul ar direction
within array of features 360. [01761 Although features
in the preceding exanples of FIGS. 11 A-11 C and
13A- 13G are generally illustrated as being arranged
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t 'epchzfg'zf’fure of discrete features 374 may be a groove that defines a depression in

the surface of blade tip 214 or a projection that extends out of the surface of blade
tip 214. Each feature of features 374 is illustrated as a hexagonal feature, although
other patterns, shapes, and combinations of features 374 may be used in
accordance with this disclosure. Each feature of features 374 may be arranged a

minimum distance 304 away from edge 216.
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Feature 370 may be any feature or array of features
according to this disclosure, although in the exanple
of FIG 14A, feature 370 is illustrated as a
continuous |inear feature. In sonme exanples, bl ade
tip 214 may include a plurality of features instead
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214 wth discrete features 372, Discrete features 372
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tip 214. Each featu eat ures, .372

gt tenr o R fieqrioBSier pRb Py O e RS Hft
SIThp esités th@abelfoffed30}? fateRarfiRE.Ih¥m RAPEH IS | ph&Bﬁth@%{ﬁﬁl’fy
patterns, . shapes, and conbi nations of features 3
midFeRachiniee %?s% JUET gRRYNEelegirasherpical mashiing. elegledy

f aRthdree RhcHifAg, Ll'l'il@l%m%a%n Wibi@p&nirN&&e ke Ni mum
Cage oher T

di stance 304 away frome . I'n_this manner,
f d0x831 schgmicahetphing dtmzlélomllt@granhm,atoetms at wirfog isulystrhte 232
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segregating the surtace o
awvieyn iirforksldlsgae 238 Bylt@ltmllpiguhaloca'ty)nsfhadznermched by the

P stfrshisha Se Al S rit, RERRRS AU b GRALIS ofifedT the
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214 and in areas disposed away from edge 216. [01801
Fletshed may F? Foproflet '@scog(eaw pstinsiof etorl S@bﬁt@fq pE t'Eﬂ‘ are not

bliggeetthdd vilifa My drdt %a?e‘ﬁraﬁt‘h@t is fn%ﬁtwqfh%sp%a‘lo tHd &@ﬁlﬁ:ﬁﬁ
features 374 are arranged in an array that evenl

sistebany. Featuies 83Gethpterse detmed 3ydeparspionssingirfndlesubstynte232 maxt

| %@%mﬁ:ﬁ@ cg\f/er{ng %E)Hfoﬁsc‘o@h?%oiﬁgu%strate 232 adjacent to features 236.
Uncovered areas of airfoil substrate 232 are then exposed to chemical etchant,
features 236 defined as depressions to be formed in airfoil substrate 232. By
contrast, features 236 that are defined as projections extending out of airfoil
substrate 232 may be formed by covering areas of airfoil substrate 232 that are

target locations for features 236. Uncovered areas of airfoil substrate 232 are then
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| ocat ed proxi mate edge 216 wi thout intersecting 216.
As wwth FIGS. 14A, 14B, each feature of discrete
features 374 may be a groove that defines a depression
in the surface of blade tip 214 or a projection that
ext ends out of the surface of blade tip 214. Each

f eat ur features 374 is iJlustrated _as a he onal
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| matistrake 232 of remexanipleeial ﬁomemfonlg;nbnm&sznl |Arl|teﬁrat1vely airfoil
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glf&(theﬁarélé nRERh RE siePNAccitiing ¥ Sre exd@PleCsifioNBSbstrate 232
circular projections, hexagonal depressions, hexagonal

pitsp Secr Mt feaires pi6 A inderp Belea deatuspy 3igrmayape formed

PERb 8HdIRRS:, aQhnERABRI A &ek oI Pland RS ehel RALHESS maRSial for

The features may be forned by, for exanple, chem cal

etigfoilrybstiateci3dImayths posHynto thezmeld. Hreaibhs mdnmgr, fearuges, 236 can

| B8 BB AR Ltk o84 SHRFUBTL RGB! g, & ect ro
arge nac I n1'ng, vi bropeening, or

t t[&l8|6] K)ace 1[11@&685 oﬂ faatuﬂee@d&:mlfomtedhm mlgfoﬂrsdbstrate 232 (400), a

DN b AT EBY 0B 00 4L bl L i

suhay sefegtuRs 236 Q0D R NV & siFie@ ab@le, fifst dntiag laye 134 may
substrate 232. By controlling the | ocations that are
"tﬂ‘fé’rﬁ appliex éUCh&%éMG%IXaWB-‘/Hﬁé cgippUTTineEdlic matgriglofn a

Wh'hﬁéiy af &daBiples %Jrﬁn@ﬁ&taaﬁgmh§r|§l)§ﬂﬁsﬁeqn$cﬁﬁé@§y inclusion of

chemcal, the shape of the features 236 may
C ORe PIoRPrEdNodifying| _ ISOMh@hdpmmchremwéuomyn pasbide,
C9B% ERhAiRioRY tERYL I kRO ek e ir R cb Rl hayRHEH HY B an

oxidation-resistant coating, such as an aluminide coating including, e.g., a
platinum-aluminide diffusion coating. Alternative compositions for first coating
layer 234 are possible, as will be appreciated by those of skill in the art.

[0187] First coating layer 234 may be formed on airfoil substrate 232 by, for

example, a thermal spraying technique, such as air plasma spraying (APS), low
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to be etched with a layer of material that is inert
Wth respect to the chem cal etchant. Features 236
that are defined as depressions in airfoil substrate
232 may be fornmed by covering portions of airfoil
substrate 232 adjacent to features 236 Uncover ed

ar eas of airfoil t 2.are n ex

CHEmRee S wigine (L PESE Bteda eBst or MRS ebe: ons
t BleffoplRingRS thelildl Hi@i doafindRyéraize n?a?;%e f6¥ed 3@ R iHidSkss
features 236 that are defined as %Jyectl ons extendi ng

obgtwesn @pfmptelymtlv%éa@@ppwynﬁ 0d¥ftdirhes/including,
C e | t

S beO PRk O 405 heiRUBRL ARGy Rl ) iRy tn
abemoéxampidssfinsttoeti®BRyer284 g rieGoe ebhymksess bt‘twecinem cal

et chant Ve sub trate rom aroun
P bale R AP HRF R BT, <P bRt umples
Ceirdp bcmih'g taysr 24 Iﬂzﬁ,,psrutbﬁsmtmﬂlg régreducp tej ge6ﬂhbt@y16f diEyil Bbstrate
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machl mq}g a source of electromagnetic energy, such as
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afFaBYRs In thgseegxamples, ag @dditigna) padion & figt eesfing fpyer 234
ehﬁ %EQﬂﬁﬂ@@BﬁQ RHls§5eraR1233 NaVelRNghi {
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S%bslo c%a? azgﬁ%sttant@all u?lisf?rrr#s trEa e -r gy to vapor ' ze.
uent i exXpos ur Y16k &n portions of airfoi
S (IHQB]' Aﬂer %Bﬁatnmy)f fiest used gtlayew 2P0 iseend adatihgidyer 242 may

> BP RS B FRE pcitig 1P m 1 @, Sodia Fortre Bir 2 BRL Af ca

I edTEtéd baddd orPBE EhaRamehtaBedaditioad B vibich 4iffbil SXRIRE @32 Hill
pressuri zed stream of water, an abrasive, water

c APSTIE ABd. AR vaiinua examplespmay inchie ap Raidatian-tesispnteoating. yAs
haedribQ M1 QaMoRidafi Jesnstﬁﬁ‘tb:%ﬁt‘fr%trﬁ fﬁglu@é allifn iR whlch may
material fromairfoil substrate Al'ternatively,

apr may hot byuiylifiest by @B 2r maye deménts. tinant gxdumeradlatinui-

h’nli'r( ige dl%f%?lbn ‘i:ggzﬁlé m\éluggi JSQ% oQ%ggon fe?irstaﬁt Fig%r age%ond

ning step. or one exanp
submmgaayer 24322mayrbxg/fobeectmrtg awdrirtyf cdatahnmaesZBGudlﬂgL e.g., the
i nver.se pr feat res e
B Be e R o s opfem e Thaea. ML B
Cedtdhd taneing layet B12irady diffuse iddolah@inlerblinkstilsedoatinSRyras 4 be
poured into.the nold. In this manner, features 236 can

ban pedferkyegiaiffQll iptraie 232> 3B sepe grantnlisi sesoissqopangelape 242
[ GG GLAfNEMidkhEss Riak ?a)ﬁg@sffr(frﬁﬁﬁﬁ%ﬁﬁla%%ﬁo 6! fhokedrg in

airfoil substrate 232 first coating |ayer
ZBIZIPTﬁﬁwaEé‘/ %eQoinchasd Aénwm vrﬁtmoatlrwbmrﬂéﬂ ese@®g coating layer

a&i &Q%ng)s{agﬁall ,%xuc%fthé ge%mzr?%fﬁ?s@ sfggg ng§£fs4, including

descri |rst coat 1 ng” l"ayer
airfoil substrate 232 and features 236. Alternatively, second coating layer 242 may

substantially reproduce the geometry of airfoil substrate 232 and/or first coating
layer 234 without reproducing features 236.
[0189] While the forgoing generally described the formation of an array of features

on airfoil substrate 232 proximate to edge 216 without intersecting edge 216, other
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include an alloy, such as a MCrAlX alloy, or a
ceramc-netallic material. In a variety of exanples,
a ceramic-netallic material may be nodified by
i nclusion of one or nore nodi fying el ements, such as
alun1na chrom a, chrom um carbide, and conbinations
reof. In different exa first co | ayer ..
Sgsiges BV 4 wsosdp GRbroShe g fhebh St hye “hardivele wis
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ZBlﬁdfmlyﬂ‘B @b@ngtdlfﬁflr¢ry lcrcemrrsdxﬁ éﬂ@twme@emtedge DF6 to reduce

roduci n
2360 T R B R ol R Rk AR o
c oAtk @@m}ay[arang 3¢ent, maga lb@udiug Rld. eﬁ{pannaitdl fdetalor modeling
substrate 2 ? , fill de sions defined b
f s%r?u%vsmé@@edrf %%Mé ﬁ fqr&eétaawé 1p 3 e SUZEES B *h% some

S Wfch 6123 3ipAf1 4atd thédelsugeRIE ﬁ)tc%atl Idn¥ingifoRah$h dther areas
substantiall'y uniformsurface 238. 10188] After
f of add @m2lf first coating |ayer 234, a second coating
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coatl ng ayer exanpl e
the first and second locations may be differently oriented, e.g., based on predicted

stresses.
[0191] FIG. 16A illustrates airfoil substrate 232 having a first array 500 of features
236 formed in a first location 502 on the surface of airfoil substrate 232 and a

second array 504 of features 236 formed in a second location 506 on the surface of
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second coating |layer 242 may diffuse into an
underlying first coating |layer 234 or an underlying
airfoil substrate 232. In sonme exanples, second
coating layer 242 may define a thickness that ranges
from approxi mtely 0.001 inches to approxinately
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| Lust
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first arrays of 'features orms
saisﬂsmrrlatﬂee loessiod of firspreadi T0ed feturesZ¥sand second array 504 of

features 236 on airfoil substrate 232 of blade tip 214 may affect the aerodynamic
performance of blade 200. Improving the aerodynamic performance of blade 200
may improve both the power generation and operating efficiency of gas turbine

engine 200. Thus, first array 500 of features 236 and second array 504 of features
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experienced by first and second | ocations of the
substrate. For ease of description, the arrays of
features are described with reference to blade tip 214
and edge 216, e.g., as shown in FIGS. | IA-C but it
wi |l be understood the arrays of features may be

on di fferent tions of bla 200 or even
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f ?Jaﬁrﬁlqodaparﬁay'm&gsn%o%l%le Yransition from first array 528 to second array

530. Transitional array 526 may provide stress mitigation that is intermediate
between first array 528 and second array 530, and stress mitigation may change
within transitional array 526 as the features 236 or spacing of features 236 change

within transitional array 526. For example, the stress mitigation provided by
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spaced pattern than features 236 in second array 504.
Such a pattern divides airfoil substrate 232 into
smal | er donains, and nay better mitigate stress than
the larger spacing of features 236 in second array
504. Second array 504 may still provide stress
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i ncludes a seco
coatmg layer (not shown). Countervailing considerations such as, e.g., the

aerodynamic performance of blade tip 214, may indicate that first array 550 of
features 236 should not intersect edge 216. Accordingly, first array 550 of features
236 may be located adjacent to edge 216 without intersecting edge 216 to improve

the overall performance of blade tip 214 by, e.g., balancing stress mitigation with
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array 530 of features 236. Wthin transitional array
526, the spacing, or pitch, between adjacent features
236 may change substantially continuously fromthe
spacing of features 236 in first array 528 to the
spaci ng of features 236 in second array 530. [01971
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b%a\’iﬁ@sr%@%lﬁl%mst gr%t%'bqgc‘sh%% a IBQiBg substantially uniform, in other

examples, the pitch may change within first array 560. Further, while first array

560 includes alternating offset projections and depressions, in different examples,
different configurations of projections and depressions including all projections or

all depressions, are contemplated.
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changes frombeing simlar to spacing between features
236 in first array 550 to being simlar to spacing
bet ween features 236 in second array 554. In this way,
transitional array 556 provides a substantially
continuous transition fromthe patter of features 236

t array 550 to the attern of features 236 in
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Features 236 may all be in a single array, e.g., a first array, or may be distributed
among multiple arrays. As shown in FIG. 17, features 236 include a depth, a
height, and a size (width) that changes within the array. For example, first feature

236t includes a height hl and a width wl. First feature 236t is arranged proximate
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to FIG 13A. [02021 First array 560 includes hexagona
depr essi ons 236p, hexagonal projections 236q,
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described with respect to FIG
airfoil substrate 232 (600). In some examples, first array 500 of features 236 is
formed proximate edge 216 without intersecting edge 216. In some additional
example, first array 500 of features 236 are formed a minimum distance 304 away
from edge 236. Features 236 may include hexagonal projections and hexagonal
depressions, as illustrated in FIG. 16A, or may include, for example, linear

grooves, linear projections, sinusoidal grooves, sinusoidal projections, a grid

formed by linear or sinusoidal grooves or projections, circular depressions or
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13A. [02061 Although not depicted in FIGS. 16A-16D, in
sone exanples, a first array of features may incl ude

substantially continuous features (e.g., linear
features 302 of FIG 13A), while a second array of
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[0213] Similar to first location 502, second location 506 may be selected or
determined based on a predicted stress that airfoil substrate 232 will experience
during use. The predicted stress may be made based on experimental data, such as
data collected during use of a similar substrate under similar condition to those

which airfoil substrate 232 will experience. In some examples, the predicted stress
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conpared to exanples in which the surface of a bl ade
tipis substantially planar. 102091 FIG 18 is a flow
di agram of an exenplary technique for formng an:
article including a first array of features in a
first location of a substrate and a second array of
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[0217] First coating layer 234 may be formed on airfoil substrate 232 by, for

example, thermal spraying technique, such as air plasma spraying (APS), low
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on theoretical stress calculations, e.g., based on the
material properties of airfoil substrate 232 and one
or nore coating |ayers. [0212] Once first array 500 is
formed in airfoil substrate 232 (600), second array

504 of features 236 may be fornmed in a second | ocation

506 of |rf0|l t 602) roce Lmlar
©BeeTs Aty ] Righ Biacky oabbreh il LGhl b

f elefioptRBmEIH thd Y Fa@dcoalif ﬁpmsaweq&mea%emc@efsay
504 may be formed substantjally sinultaneously with

f PeteveerhanpEgximeioly 0GP 1dnehes andaprpsixinately SelSAdn ey igludimngy
MRy, IB@wJeeﬁ Woﬁlfngt%ry (f(')dssnhctéE 5 BAY d’% &lmésw(ﬂioﬂgchteg’ fpne
exanpl e, proj ections Ing In“first array
smn%\mumémoﬁmt @ﬂhrwjlawﬂw amef dfeﬁnmtlnqknesaubﬁlf\meh
s £ he,.f tj

Q Eé)é@%%l (?§I20 mgfles %x\@g;fp?%m% %ly @ @iﬁfﬁg S ?n somgd:éalgpllas
sﬁcsn nehtiap feyygr BiMinay srmbstamfadjylre;sodmt rhtgeoR 32y o1t £AdiBYubstrate

tion 502 nd ] ocati 506 may

bggéé %ﬁ%ﬁégymsgg?e ﬁFW%&X%%@8H BﬁcﬁﬂﬂggﬂFEggd“@fress
t Bfstapdidl fyQkproQute She @otheds &f Hitfoll s@%ﬁﬁfelﬁﬁ @thoGtUEproducing
use. The predicted stress may be nade based on

eJ53BIsssAt &1 thaserexamplgs kin gdditigagl gowien & Brstepaging layer de

Ofnaa b8 iPplidd o HiPSil rs@ﬁs?rafé@@@ le. 81 @ f1PdeprRAGHL deBRed &
those which airfoil substrate 232 w |l experience. In

s Sptres3fner befweehsayrasdbbithe levaling suréBe 33§ obairfoi elebstrate
b§§fﬁ> Pid ;bﬁl%gtﬁﬁtjia(ﬂ? unﬁ‘gr[rr?scﬁ'fagg&cé“ ations, e.g., based

mat er erties of -alrrfoil substrate 232
aﬁ&laheﬂ@ﬁbnmn@ncﬁaﬂmngnhg%awszy{@2&%&dé@ﬂﬂg$§&t2ﬁ&hmy

first array,500. .an econd .array 504
" e et ph ity S0 a3 0 Ondl SBrdhe Sopdaves & hahe
r esiguead bav&l, ¥.g., Oh eheab ir@imiéntdTRYndi€ord e iwmﬂ al¥oil AbSAAIE2
size, dep th, hei ght, pitch, or cross-sectional profile

ofVill prergte a@%e%gar@ssexwless@ﬁaé"@waﬁﬁv exidatigirrgsigarg coating.

t RQACsHBAT AR € rah%kndaﬁom,sﬁmgﬁnmwﬁ.%mdé hiffinidd, Whleh
500 and second arra l'e in other exanples, two

ornabmr maphot heanedifi ya@teearm¢ elementy kormma granpdeeeen

graah Iﬁramll;ﬁm%gq éﬁ&%%‘é& eqxeéQ i oxgqﬁaés?%es%laﬂlbough

exanp AR que
rratyatmgpﬁewnék:bqtmg haylet2ie Iflﬂer bﬂ fa)gned ummvarleatheahrqays
rfo

{ FisBiemer 80T AR R s e Tt Frng Rk by B R

agsAy extiples] REdIADatngllaydrend malidetust FRe &k hm&ﬁgm%rﬂm
belngﬁ;1n1lar to the pattern in first arra

pFPeANERDE™ ¢35 i aFé‘Pd%PYFW‘@%SUaPﬁEatB%%gI“§PWF F¥mRles, second
S@6ANE 18EF 240 lﬁ%a%ewtmsst Rat ﬁx@%@ mmaerpﬁﬁ)ymé%y 0.e

transitional arraé f or med
piNsAesse @RProxigaELly O%Wﬁhq‘s; MtWImﬁraglcogtm lamﬂéﬂ sseandnd

akbAhg %R%r 242rh1§_\p§ﬁ%st§ﬁ<twlr&§0dl}cg fhe geometry of first coating layer

234, including airfoil substrate 232 and features 236. Alternatively, second coating
layer 242 may substantially reproduce the geometry of airfoil substrate 232 and/or
first coating layer 234 without reproducing features 236.

[0219] Various examples have been described. These and other examples are

within the scope of the following claims.
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transitional array may be forned substantially

simul taneously with first array 500 and/or second
array 504. In other exanples, transitional array nay
be formed  sequentially with first array 500 and/ or
second array 504. [02161 Once first array 500, second
ag@gXng4 and, optionally, the transitional array

h n formed in airfoil substrate 232, a first
coating layer 234 (FIG 11) may be fornmed on airfoi
sybst r &k @rt’Bonprisinpdi ng features 236 in first array
500 and second array 504 (604). As described above,
first to@sirAg | ayer 234 may be a blade tip coating.
In so | es fd [ . 234 may include
an aIP%;$%§ﬂ§ﬁ5§g§ﬁg%§%%§%f§t@??%s¥ﬁ%r a

cer ani an arstyalf f¢aguresafioemédadn a unfage ofgthé sitbgtrasé, veheaaipihesyrap

ceramic-netallic material n e npdifj ed i ncl usi on
o B PR tafiaed Pirgtan B Al el ok Sl pligaeiing
chslepdnd, chrom um carbi de, and conbi nati ons thereof.
In different exanples, first coatjng |ayer 234 nmay be
an oxi HIETEH PRBET SanE femad PR gre sulgyals aqd thefirsh amsy of de
ceatgrerg i ncluding, e.g., a platinumalum nide
diffusion coating. Alternative conpositions for first

coating |layer 234 are possible, as wll be
appr eci el j
T g T P

28dedsy ond dfilineangaopies sinubmdatgroos gy, ayéulay deprebrinngLmlipssideh
ageq&£mggasga s&;§3équ&A§S), | ow 66 pressure plasna
spﬁhylng’ff 8§f,z%|d% vepdcity oxy-fuel spraying

(HVOF), electroplating, or the like. First coating

l ayer 234 may he fornmed to a thickpess between

appr oxfhf‘a%rg?‘ﬁ Oéb).clemhi iR t*ﬁﬁ&aéﬁﬁﬂawr%ﬁt)@rwsee adiy

| PaRRS andCdedsh d¥@atureCarll whedd@h WRETHtABANR%LAPBES ¥ st GBHth
inches and approximately 0.040 inches. In some

efethihe second feadyre esarispya seqgrd deptudiffergnithan the figst depth.

t hi ckness between approximately 0.010 i nches and
approxi mately 0.020 inches. In sone exanples, first
cdat i nghd¢ aryiele of gainmbywhendin therarmap bf {eatuegsconingses aliest

geq 0 i il su r.at 3 i ncl udi.ng features
SRR} i Phcafdiehls, BB fre B rarl RS 4 Filfe 35
S tHesseanidifeduhiry coprised 4 ceohd shage diffekdny thah tiei firkiGiide.
substrate 232 w thout reproducing features 236. In

t hese exanpl es, an additional portion of first coating

| ayer 2RdartibRYf BIgin® UPPArafl tHRmral of RhluresWbmbrish @ fisk2,
e.g., to fill depressions defined by features 236 or

bétaftEe AnG ey Fsand wheseip Erdimsifgatyig cpaerse 3dirgshape
aizhd Bk e SHR $abiAL @onép%r?s[gso 52 &cGhEGhfFe QrRrthShanhk fﬁ{it%lllalpg.t

uni f orm surface 23 18] After formation o
coating |layer 234, a second coating |ayer 242 may

6. The article of claim 1, wherein the array of features comprises a first
feature, a second feature, a third feature, and a fourth feature, and wherein a first
pitch between the first feature and the second feature is different than a second

pitch between the third feature and the fourth feature.
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be formed on first coating | ayer 234 (606). Second
coating |layer 242 may be selected based, e.g., on the
envi ronnental conditions in which airfoil substrate
232 wll operate and, in various exanples, may

i ncl ude an oxi dati on- resistant coating. As described

ove,_.an Q tion, r nt co tin i ncl ude
Pum ni feAr %P@ﬂamhhw Fe' ged&P%/tl"@d’OB‘y”ﬁﬁ‘?e or
nore el BsmRINoEt foledi@r &% aamtrew afd thelaghl D@t Mdai de
di ffusion coatrngﬁg&Y be used as an
a

oXi dat@@ﬁ@"é‘éﬂ“ﬁ“ erformes ovsedisand eret.iwigrdimghsr 242
NGRS e LS Gnibriéed 4 Sl fo ' .
R SRR S B ) o BRI Rcd ok,
first coating Iayer 234. In sonme exanpl es, second
cpating | a dlff s intq an un first
c8ati nnd UG oEdGmTE Xt R Th PR G RRB Fabfics: o
232. Immsmmemehamwheerﬂeemﬁndeaﬁm&kl angy bafeturdd2 may
define hrck ess that es from approxi m
0= 001 » b beErt oAl sy i G PR il
f5v§&mg@ﬁabag dr@yer 234, second coating |ayer 242 may
substantlall¥ reproduce the geonetry of first coating
| ayer 2 sesand shemallyiinrglagive fayern cogppising asecopd porgpidy and
f @3hed @%rgﬁﬁﬁrsﬁh&ﬁfaﬂ%dsﬁﬁ iVe laZ@rcﬂﬂgeﬁQ% ﬁr@gporbﬁt%? 16?542
may substantially reproduce the geonetry of air
sthes theagseeondPragitgd/ or  first coating |layer 234 mnthout
reproduci ng features 236. [0219] Various exanples have
been descri bed. These and ot her exanples are wthin
t Be scapertsfe dohrisioki owi ng clainms. 67 CLAIMS: 1. An
article ﬁ§n£r|5|ng a substrate; at |east one cooling
hol e fBHIEEFn the substrate; an array of features
f or neda gRt ArHUstitat@eObn 4 RfaSeBSthE diiratdles Bishlobdifon,
array of features is proximate to and substantially
aMhgisEthafitsharaiecompriseirsonige®ool i ng  hol e; and a
ther ma) sRaRd ibly FPairBGor AL TRehPBE rh@ @ut?SHQl%taf 2l&o
the first array of features. 2. The article of ¢ alm
1 Jocaltiey; gihereintibe sacord/aredy cpmtlsnseeewdwatt@eshf’émemhaayheof
a [ i.n
o e i 8B SR Meaffi S b B YRR SHEOERT or
hﬁ»eagairs&bssdeqb thesedond Sl;ocaﬁon 13 Ipeedimrtd toleEpemfencH asenorild level of

erel.n t rra at ur rises a first
V\A'})ermal stressed t‘?erent)(han the F rst leve of ﬁq al stress; and
a thermal barrier coating formed on the substrate, the first array of features,

and the second array of features.

10.  The article of claim 9, wherein the first array of features comprises an array
of at least one of linear grooves, sinusoidal grooves, circular depressions,
ellipsoidal depressions, or hexagonal depressions, and wherein the second array of
features comprises an array of at least one of linear grooves, sinusoidal grooves,

circular depressions, ellipsoidal depressions, or hexagonal depressions.
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feature and a second feature, and wherein the first
feature conprises a first depth and the second
feature conprises a second depth different than the
first depth. 4. The article of claim1, wherein the
array of features conprises a first feature and a
second_f eat.ure, and erein the first feature

c gﬁpr i E‘éﬁ‘sa‘%\af P %‘?‘"b?’gg’eéeﬁ‘at ciijig PAUSTB REfMPTESE dfylgast one ofa
Cadp bSthe fé&uﬁ&?@_ﬁ@e sh@ap ﬁaaﬂirésf gpRiH b&\b@éﬂ thdRatlites Sdr a shape
size. 5. The article of claim1, wherein the array of

f abthe featureso st Whesein ghesepand paterg comarises @t lgast epoefcp depth of
f ﬁ@tfégtﬁes,%@ﬁemﬁ{eq%ﬂuﬁsgg fikif ?étwﬁ:&%y FRanrQTH d shape & the
first shape and the secéhd eature conprises a second
skapeesdi fferent than the first shape. 6. The article
of claim1l, wherein the array of features conprises a
first feature, a second feature, a third feature, and
alf.our The dradt of eainan wiaeiea firsdfehiuFSih thfidsCAirdyeif f@aires
the first feature and the _second feature is different

¢ FRIRPIES R BB A°Pthiopd A SEROPRARTT DS it erp e ires sprrises
f @uedohd ik YirRrenbthar the & ddpthi cl € of claim 1, wherein
the thermal barrier coating conprises: a bond coat
formed over the substrate and the array of features;

angl a thesfak by chns yiﬁme}/el@?ﬁﬁ)/s?fea{u% AL ﬁeé%atyfb?f&ans’s

coat, wherein the thermally insulative |ayer

c oomprisses fizst pizesand i sgcond faature ingh¢ fisst arayerftfentures covkgises a
B soclRE B Hinelet: Qb Bkl Wherein the thermal barrier
coati ng conprises: "a BSAd coat formed over the

substrate and the array of features; a first thermally

i nsul atj ve .| ayer. conpri sin fi.rst porosity an

£ SFmed TheTUP o dafE N Bt R eae BRI A s

| BSrHpradel ¥ Eirdt SHHPE, MARBEIoAH Méhnire HEGO fickt RRAYOS faturddebmprises
formed over the first thermally insulative |ayer,

wA&send shape differant thep thesfirsishpre- [ ess  than the second
porosity. 9. An article conprising: a substrate; a
first array of features on a surface of the substrate
atlSa filheartitloofeiaon] !, wiseirihe firfiarray phficatares ggmprises a first

c résﬁesgc dffitgtlf?l‘%, zf@‘rh % lﬂir ,%n? %‘% f@e{t{u%}Ian fw}{e?e% ? Iﬁ?s%
on € surface o € supstrate at a secon ocati on
Wpactebatweédnahs Bcofedtuar andythecseomid fetareds siéetendthpiah seeond

different than.the fir q%&s n, wherein the first
bt bRenahe it apd e Rt Tedtius h f v ot 1'ovel | of
thermal stress and the second |ocation is predicted to
exgerience,a second | evel, ) . i
16.  The article of claim 9, wherein the thermal barrier coating comprises:
a bond coat formed over the substrate, the first array of features, and the
second array of features; and

a thermally insulative layer formed over the bond coat, wherein the

thermally insulative layer comprises a plurality of vertically oriented cracks.
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thermal stress different than the first |evel of
thermal stress; and a thermal barrier coating forned
on the substrate, the first array of features, and
the second array of features. 10. The article of claim
9, wherein the first array of features conprises an

f at | i f ] . Si i dal
o bov o TR e oG Eielis e B PR EPige DHPALSE

depr essb&iiScoaformXAgotha lsulapte SHS Fies Srraydsfte WHRE, Qind tHehe
second array of features conprises an array of at

| &2580d yFy VffeatyRBar grooves, sinusoi dal grooves,

ci rcul afHBRARAS iNTative ldybPSH HRIng AGREGIIsRP 8nd PFmed
hexagonal depresSsions. 63 11. The article ot claim?9,
whesréhabondeodt| angt pattern conprises at | east one of a
dept h r. . LZe the f . itch
pot wech o PERPi iEtiayle BbERrtng b pER M G
wiiemed nvdrhie Sectberthaigitselativelapgr wbesinabe fisgsirogyds s a
dﬁ{)thhof t.he fﬁatures, a size of the features, a

pi an ebsgf?ﬁéié’ﬁ"{s & features, or a shape of the
features. 12. The article of claim1l, wherein a first
feature in the first array of features conprises a
filPst dBoIHCle ghelaimn Larsidn thedbsimal harriqrisaatingcompEpssay

of feaj ufemeRdIRNih§®Rive TyeeoANEH SRPIHR fHitfafGY 8Pfeatul@n
the first depth. 13. The article of claim1l, wherein
a whivedy the &gt theamylly ingwdative dayer eommaipesor fifseepmposigion; and
CONPIi $ES0fd \tn?zhl Sheftiv@ Re o &P fh%%ééégﬁ aﬁ%& the
first array of ' eat Ures CORprises a. second af Ze
dif¢afurese wherehighe sdeend themmally iinsglatitellay Firveomarisésal secaid
claimltl, eretin %fﬁrgt feature in the first array
of SRR UHICTRY b R UISLemROSIOl hane  and a second
feature in the first array of features conprises a

second shaﬁ)e different than the first shape. 15. The
ar?i cl & BFhd COMArENg: wherein the first array of

f eat Ur @FmeR M RE Sf RafutdsDh a shERWIe subkraRCRAG 1 ORE 4
athird feature, and a fourth feature, and wherein a

f iOf &pturgsiis preximatsjeand shstantiglbtaligaed witkatdeast eneecogbrmolmde
fq%%{i?n{hg st Lergnt than a second pitch between the
thir e {

ature and the fourth feature. 16. The article
of cl affarméng ashemeil bartibrecoatieg omglh theanbstrate apd dtei amgy of
c%gprises: a bond coat formed over the substrate, the

fi rsresélrray of features, and the second array of

features; and a thermally insulative |ayer formed over
t bo coat , erein the, thernal i nsul ative |ayer
cgﬁpri 5g%mat gy af@m > SfheTFEY Fé'ai‘w‘l Ehigh FRUBPTSFRELETeY

of at least one of linear grooves, sinusoidal grooves, circular depressions,

ellipsoidal depressions, or hexagonal depressions.
21. The method of claim 19, wherein the array of features comprises a first

feature and a second feature, and wherein the first feature comprises a first depth

and the second feature comprises a second depth different than the first depth.
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70 17. The article of claim9, wherein the thermal
barrier coating conprises: a bond coat forned over the
substrate, the first array of features, and the

second array of features. a first thermally insulative
| ayer conprising a first porosity and formed over the

bond cpat; an secand, thermally insul ative | aye
comor e BOCaGRR 3o bt Ry RS R tvGnsey it

f felatube 4daer SeRdrdyfedtine dndivinegeih Bdirst fviigre Rbmpiides affirét Size and
porositx iIs less _than the second porosity, 18. The
atheiseqopd &ratuse sempries ferePrd haphdifierrst han thsfirstisize-
coating conprises: a first thermally insulative |ayer
formed over the first array of features, wherein the
f 23.st Theenethod 9f dlaimull9awherein| thy araycdfifgatirseeonprisey & first
CRIROS ikl Ol ordE e SEGNAr SN arh AU BN G YR
fofmed over the secon array of fea%ures, érern the
s ewbdhel sdched featuke/canmsistsat sevend shymr differpt thaethe firs eleapad
conposition different than the first conposition. 19.
A nmethod conprising: formng an array of features on a

sp4.f aceherhetBlo® HG4imAtoe whivle R tBE Brrdy & fadtirdy corfyiriskeatitst s
is proximate to and substantially allqned with at

| Egtire, griecops dratg afbird featugy. gad e fpriheategand veessin a Hiest
f BfidH B &ntthefiPlealRr dhti e LORMd BAuRVSAiteRA RHDS tdcBhE
and the array of features. 20. The method of claim
19itchdreereenrihe third &apuag ast the Eartrfeafurgonpri ses an array
of at |east one of |inear grooves, sinusoidal grooves,
circular depressions, ellipsoidal depressions, or
héxagofibd metbpd eSdaionkd, whdreinTosnine theatierofal bdreiemodiing over

erein the array of. features .conprises a first
r Bt aels e By R B P BPISRY whor of n the f 1 st
f eat ur ®naMFRIHoRE Soa of érithd subeRitd and el atri\Cofen sl and
feature conprises _a, second depth different than the
first tpeping.a thermplly inpplatiyglayg@verthe bendfioss whegskytas n

t h%nﬁ&l[ﬁﬁsxﬂitivfe @@k%&ﬁpr%@ﬁ@ﬁlh%@i@y & Jeh[cﬁily ofi@Rddirgkand a
second feature, ‘and wherein the first feature

conprises a first size and the second feature
CaDT ! S5y EIR 50 00 B B
f dmtsubsmitecamidpng Fey of ffaturestcomprises:
forming a bond coat over the substrate and the array of features;
forming a first thermally insulative layer comprising a first porosity over
the bond coat; and
forming a second thermally insulative layer comprising a second porosity
over the first thermally insulative layer, wherein the first porosity is less than the

second porosity.
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feature and a second feature, and wherein the first
feature conprises a first shape and the second
feature conprises a second shape different than the
first shape. 24. The nethod of claim 19, wherein the
array of features conprises a first feature, a second
mz?turﬁ, éhtJ% rdnf%ature and a fourth feature, and
ar ei 1t "HEHIGSMP algch between the first feature and
t he sefanthelagatiiy os fedivkdseonanirthdtaT adubharnd a fipitt c h
bet ween t he thlrd feature and the fourth feature. .
TIo&2 RS WBEreBrthe fizst facatpn igvrdsctsd baseshan %@fsrtﬂf%dlt“ﬁ@}eﬁﬁll ot
baHerrh str&R8drdNeheRY S the firH 3y BSfchi@bes caMpridel s fRdt paYerRf
features conprlses form ng a bond coat over h
subst r @rwingiceednd agay a&feeﬁureﬁ eathe igfacegfdhe Sllcbstmtfn@t aa
{ BRERPokHido R MR M Peck BN s &GRSR ccffer @) 1
t he er mal Insul ative fa er conprises a p ality
opredietekillml b@/thamadasttesd acd a«bkrsm tﬁﬁsec&ihtéarr@tdfcﬁchtmés claim
l. barrier coating over
R E b s PEH bt B BF BB o | <o
f or m nfpraingQnbere@bbarOdbatiipeovebihs bildtreteahe fikddarray 6y
of features; formng g first thermally i nsul ati ve

| Epwescauihe ssengd %{Tafylcf tdeatyetosity over the bond coat;
and formng a second thermally insulative |ayer
conprising a second porosity aover the first thermally
i A&l aifh%eqha«j/e?clal b sihpreinthe fifst gltraypzfrf%wpg/cqr@prlsew
t Qﬁ% 5&‘?1%?%‘39@91"&% gl%b éé su?t?so%zr gr’gb\yg@tchr%g fgpcrs%l%hpg
formng a arra features on a sur ace of a
s elipsaidal deprtssiont.ior Sexagbuat dt:prgss]onmd @ihareirhtbe fsc'rcpsd array of

ea?r On | Slsseanea%‘t eg 83 OI‘IC Of n . Is‘t [ ei(rjll c ‘ij cvel
of P RSORRT S dTaY oLt ik ?ﬁg(Fﬂ B Ry EHPVES:

f eiaduldreispressigns] dlyssorlal depsdssipi, beligxagdnal dephr@sianssecond
array of features on the surface of the substrate at a
second | ocation, wherein the second | ocation is
sebect e Mehed oPdlaith 2 GABRIn RE Btk pitReh Edlse Lt 18BEsHaR)
stress, and wherein the second array of features
caiprth e6the featwenAqizp af thedenteres, p eitebetwernrihe freturesy et

[

RS e i
sécmh] df the feapured. a igap{ithe feat2&s, a phieh brtwérmdhofeawieaj onaXhiape
m@g&@&@¥JQe first array of features conprises an
arr | east one of |inear grooves, sinusoida
grooves, circul ar depressions,

30. The method of claim 27, wherein a first feature in the first array of features
comprises a first depth, and a second feature in the first array of features comprises

a second depth different than the first depth.
31. The method of claim 27, wherein a first feature in the first array of features

comprises a first size, and a second feature in the first array of features comprises a

second size different than the first size.
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el | i psoi dal depressions, or hexagonal depressions, and
wherein the second array of features conprises an
array of at |east one of |inear grooves, sinusoida
grooves, circular depressions, ellipsoida
depressions or hexagonal depressions. 29. The net hod

et “Pengrod ST Bfereh iR Bar o TR AR Bhres

f aaﬁ;urs%a fifdt ﬂrab@ ran@ e koA fdalie fnaRd BFsearrayT featursameprivts
the features, d wherejn the second pattern conprises
?5$@%%?mﬂﬁéﬁ@ﬁmama@gﬁﬁﬁﬂéhﬂFhe features, a size of

the features, a pitch between the features, or a shape
of the features. 30. The nethod of claim 27, wherein a
f B¥.st Tleamethed piclaime27f whereinghe Hipt gfayfafdeayrescomprises a first
¢ Pegeré %%?co?id ff#a‘i@é aC{EfR& ﬁmtu?@ Qn@a ?o%?t%r}gatlgrg r\ﬁwhﬂhg lﬁ?st
first—a res conpri ses secon
dpiftcfhdn‘eemetenttlhtaiﬁ‘rst ﬂ@aufel ang thetheqaintd. fed3dre lsT diferrat ﬂ‘la)da gfcond

| ai 7 ' fi he fi
Pt tead bt ihe FRER YR and o cocond

feature in the first array of features conprises a
second_si ze different than the first, size. The

mét-hod T methed fh daim L werelp the fifst gredr@sﬂwm thewéstress
f bibthe @écbadpeﬁ.cteeaé\rér SStherfid MRS A€ predididdasshdpe, and
a second feature in the first array of features
cexpsrimsaiel obseyaienid shape different than the first
shape. 33. The nethod of claim 27, wherein the first
array of features conprises a first feature, a second
f 8at ur €he methbd picldies? i mhereanfdrraing dwrttld:rniaeaatrtjerez,oamEbver

6" lafo b Bl arB) DECHBRRIPERS Bkl SPL oL BRHGoRRfes
bet weeforintigg 4 Bvnt dodt @aérthesubesaté, e figtdrtay of Gaitutes anddhe

The nethod of claim 27, wherein the first predicted
| &5rend gray ¢fdeaaes:@pd ess  and the second predi ct ed

level gfmides HEkmall IRERLA ﬁ\yg&roagﬂ 66 B6hdR8€ VheRin the

experi mental observations. he net hod of claim 27,
witermilly iheiativedayenheomprisenaplursdiey ¢foterticaly prignieshasackst he
substrate, the first array of features, and the second
array of features conprises: formng a bond coat over
t B6. subb¢ mathed of tlainf 27, stheminm fpyming tlﬁeetacmraebqrrimatimover
e e g0 af eitie o SR Ry LR B shrpriss:
t her rrardrmmgnesbdnatcbare)vbraye Eutsmim,rthesﬁsr argyl dﬂféﬂturt-y and the
vertically glenped cracks. 36. The nethod of claim

2 peconmarray of YPiSing the thermal barrier coating over

forming a first thermally insulative layer comprising a first porosity over

the bond coat; and
forming a second thermally insulative layer comprising a second porosity
over the first thermally insulative layer, wherein the first porosity is less than the

second porosity.
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the substrate, the first array of features, and the
second array of features conprises: formng a bond
coat over the substrate, the first array of features,
and the second array of features; formng a first
thernally insul ative |ayer conprising a first porosity

HEur o Pa g er e B BR et CRglover

t the sﬁbsh‘élfe thB EiFstatrhyof foSliteatand €hel sayemid arrdd) 6f Rhtirels h@mprlses:
first porosity is less than the second porosity
37. ThiemRpgRdustdherpply ipsylativeavsr ayver tP"of*WF HERYtH éeatures
t RRERR thOBE h8Fm Q3 dulBivO S Er cot}RisSULRT @hfositib® ahli T St
array of features, and the second array of features
conpr i Hegingfaseernd gheamﬁilx @ﬁulﬁm@rlw pyerithpssgrendi ayray oy er
o e%{urésh hér%ﬁﬁ &l 5rﬂiyth? ? 1§ HsHiafve 1a mgﬁq?h&starlgcofnh rst

er mal Fhsul ative aye conprls t
cwm}m:sntton differem chanftioy finshgpngposiionnd t hermal |y
i nsul ative | ayer over the second array of features,
wherein the second thermally insulative |ayer
conprises a second conposition different than the
first conposition. 75
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