SUBSTRATE FEATURES FOR M Tl GATI NG STRESS [00011 This
application clains the benefit of U S. Provisional
Application No. 61/226,325, entitled, "SUBSTRATE
FEATURES FOR M TI GATI NG THERMAL STRESS ON AN ARTI CLE
COATED WTH A THERVAL BARRI ER COATING " filed on July
17, 2009, the entire content of which is incorporated
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_ 0003 D¢al ShvPANSIts 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
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due to thermal gradients.




[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
be coated with a one or nore coating layers to
protect the airfoil fromM@M¥MABXmrental conditions
ex erienced by the airfoil during operation. D fferent
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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
is directed to an article including a substrate and a
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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 ai’ray 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
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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 |location, and a second array of
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hol es fornmed in the substrate, and a bond coat and

t WIH'P#IGS. 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
including features fornmed in a surface of the
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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.



[00321 FIG 17 is a cross-sectional diagram of an

exanpl e substrate that includes features fornmed with

di fferent sizes and depths. [00331 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
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r aq‘ﬂicé efftht Guifdtrate. The features disrupt the relative planarity of the surface
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 paraliel
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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grow. In effect, the features segregate the substrate
and TBC into a plurality of smaller domains. Crack
growt h may occur within individual domains, but the
features hinder crack grow h between adjacent domains.
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[0038] FIGS. 1A and 1B are cross-sectional diagrams of a simplified example of a
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 24.
| nner conbustor |iner 12 and outer conbustor |iner 14
déngri@ aad enighesmbiugtor lindrd ey beJoinredtdf eulasmnuhlusa tieglwelmet
0

gg ﬁgtrai; ;’ihf&ég%‘égliﬁ%t@ﬂ%gé p?ag{:ﬁgr%%&tn %%?r suffﬁce ][%u &ute sucgface
the qnd esemombilsm ﬂloe}leeieﬁnlesealntlin&:r surfacb P bndJin @uér&nrface
S ce 18  of ner, .conbust or 12 or _i nner
St B9 Shegtoop (e SmRHE: Gt einer 34 dhgatisgusinn
S hmmber M9 Ml te atnufus bRiidRR buteF surtaed s afd iandretresdbace 18

i nner conbustor liner 12 or inner surface 22 of

o§tﬂéﬁtratecfe%r&§ pay be fosmed aoporing i@dhq tsehnaqusk of e ipregendf
C@Bl:l'oﬂge BoLi@vr €Ppoth BPRR: shsradesr; xgﬁg @'E’lg.l\éﬁ)’r 1i8&312 or inner

turbi ne engi ne conbustor section
c syrfrenénef Q}ftefapombgﬁot lénep 4. aﬁljh@gheﬂ@h%mmoan FEy.site mther or

S Uglh o‘?%ut@r Ql‘?f%cé nganl 1@12?%&95!?&?& lmwg]orl’lﬁl‘ia’eg surrf] CC 29 09 %létFr

t enperature nec rHer conust of
120marsdjrd)ineroutreay dedimb mﬁumtht}/ bﬁezrohihg holey2@xperi ence

hi and/ or engper at ure chan s
I[1us %S ”éed{a?) gi%t%bfm? ‘?ﬂ%&" °85‘EEﬁ%ﬁ58?t'qnl grayy
andhpn’nentl ofdiigistembeatir@edhaniQalts9Etet O41ORI 8¢ Hfas! thid@ie ehdine.
n%éﬁénclude a thermally protective coating fornmed on
p5diin g hngh temP@atU1°are°hmﬁaléxaﬁlm ignergombuster linep &2

”HNd/&%ut&Q@&ﬁﬁ’sthfn@r 27} &Qﬁéﬁ}lemr}ﬁéhecgmﬁé}% e@gné/gﬁgge

28, which includes a bond coat erna
i FRsUACEAtrg ehanggre TS, quirisurfacoV B @émntmn’mlstor hirge |1 atandjnr

f %ePHﬁﬁEe SHf (%;C? c%rﬁbus?(fr lfngpfi)rlrjlg)? H;QHI?E Q'Ehelnjﬁa,?yr }%)rg)'t%%tcl)\{eh .

i nner surface outer co I ner
[ oe4iDdg f@uied on atsebSﬁﬁter%)(FKbrl]Bl)l Eer, exﬁmpleemm’ﬁdw% fay be

S EREIAIRY uRARE Ty Resting D MhisnShesidts 2 phtiGeost Apand

ad clickialey mkmmtlsyet 82 that @ovideSthemeaRiiaddn fOF OREr dukf@se 18
such as toughness, hardness tenperature stablllt

¢ 8F B CGMbHRIQ Liner 2. dnneg surface 22 AT puier combustar ling d4.tar@oth.
| [d0a0] SSbsirdte ZWAaly clom ?Wﬁb kgt kBMRpiard supéﬁllmed on Ni, Co,

enbodi ments, substra may | nclude at” | east one of
CNI/Fggpr thpdlkeBA gubstse 2wnclu§EgR§upQ§allth*ea}1 inglade gther
Us&itile SARGRSL! te

i ncl ]udel ng, ‘%? orO aggralrrp ecﬂ@mg&féﬁdpg@%?lsg aess[w%l‘r}]&l%ra@aﬁ%nse S

| temeragure otabillity, Kokasnm, redifthncaekédativh eeststancke and the like, as is

desj,gnat i on ﬂ?y nes 230x%' .and St I% Xq' . . d
el Rk BB 4 PR Rae PRt e Pl of ot one
S ub6t, M, &2 28, C,a0ud ATEYS, RecdreiasitkeadtigSisel supelal®eay be
supstrate d thFrnaI¥y insul ative | ayer 32. Bond
cyyl zeggorﬁa Stﬁ'afﬁr:]%éua‘é uding, for example, those available from Haynes
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 NiCo, and Xis Y, H . 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. [00421 Bond
coat 30 ma be formed on substrate by, for exanple, a

t harSietr combinagonsghereethningome embedimesisdiond prandermay include
SRARYIATY afl Pﬁ)odlﬁleﬁ’yﬁe %ﬁg‘t%rj)rpélcﬁ%%&fg%@yelyngen %?ES)

hi gh ve oc y Oxy sprayl
erediaciogpiatal. ng, or the I'ike. [00431 Although not

S LN ustl iner 12
orﬂmgkg?%ﬁ?éi%ﬁl g”%ﬁ% %fg?“wFR%roiﬁmﬁﬁ §Hﬁﬂ?ﬂnes
i prhyide teahtiines; Emslhlay aiypiaema sErsyide (A P )ows ]ﬁéﬁ&l@ p@ﬁnﬁond
coat 30121 ¢ nbodi nents, the TGO rmi/;_6

o5 YT H L1y BT 01 PP B SHHE DB cisifop s oi0e
MEpe.be heated in an oxidizing atnosphere during
service to %YOMIthe TGO on bond coat 30. In many

eHi9ddi MHheueh nphshowein EKidB; gaésen”auwrﬁaonpbas%g merall2<mg
VWJd'i‘al@tolﬂﬁﬁar@ k fop lm%{J if4f ﬁ%nfe[lﬁl@ Pn% ugeg 8 ggﬁwn
h e ray

substrate 26. [00441 er I NSu |ve
ppude EGOhtormed opbadeost 3@n If smméralbodmmnts ttlee BGO saydtce

gogrsn;gﬁ] g% H%lsz}'ng B?)%H lcgatt |33 € o?r mea{ng a(?%ycoFto}rqorH@zstfe]eghea?eg jn an

elmldphg, atmbstphemdﬁtlﬁlg)sdrvmetd) oW GRTGO ofibbfid &vat 30. In many
sta

afnia, arare earth e, arare earth
o s Radinb S P TR PR iaftias (Al daia fith cther ements
odiffiedstrahibbhd &t babivuBstrate 2.1 i cate, a zirconate, an
al um nate, or conbinations thereof. [00451

Yi00d# Thermptly ins@ative lnyes A7 anay mmmre@emai protsicHor( (ims@izyion)
mo?(s%gstmté $6. arHERATY ih¥lacARY .?Inaytc&{]{;mpapféh& &né JB03) -

For exanple, one yttria-stabi |zed coni
c(v)mﬁmsbﬁm@inrlalmmql@e@ forrezampla, Wirabitdbilized ziogonih putia- 7

m@n%bl?’/%édqlaﬁhg Lét r% e%h 0{ d%tatrgrle%m rth 8>)<(ide Sta 1& ﬁ;éﬁz rfcﬁrr“fl Hdare

diment's, yetria s 1T Z2ed 2P T'eon
i parthuckide- siatnhja:d thafnds; e sidiastt.fu 2ocontee, ah A0dhbdatRaF eoBihitions
og%deg used in thermally insulative layer 32 include,
xanmpl e, oxides of lutetium(Lu), ytterbium (Yb),

t foo4sUwelid-ethbiliegdoditebhib lﬁfc)udes biedoial lgm(()bkﬁ’)lxeddyﬁpi A oH

adol i ni um terbium (T eur opi um ( Eu
g?ﬁ‘)avnt%ﬁwfsm oxigde éYansiu Eanegonple. Qi‘édﬂyms@hﬂl@‘?dﬂlr(com)a

pE&ﬁ&QQ%mlﬁm&?Ql}con%esrtdblﬂl@ed Qﬁ%out b%t DAY bRt % gftt][lum '

yttrium(Y), scandium (Sc), i nations t
Thede. In some embodiments, yttrla-stablhzed zirconia may further mclude

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 nent illustrated in FIG 1B, substrate 26

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

(coll ectivel features 34") forned in a surface 36

o10047bbx tha@r@g@ammﬂeam&tm@é iBRIGrd B3, substpate §éirr¢h{dr:$3fmr ons
f ?Jaﬂﬁ?s §4Q Aflgr §&C d364 (%&PCCUV “t%fltu{eﬁgggggwie’d i gglérlface 36

em ca
rraﬁtubﬂuraig?.é eFQaOtres(ﬂﬁhemSI miprﬂad&prmsi’mgs formed in surface 36, and

VY B SmeR Gy BF S FRanell tsHi: Ben b it ures

3ﬁ1adlhlﬁfngpél$ctlfobﬁenhedl&Idcl«iﬁlr@' abaroldiychafge sbchfg, 3
each of features 34 may forma di scont nU| ty in

suvéra@éc}@@nga%%r%ﬁeé@gsqrthé‘alyke i npede crack growth in
t hﬁﬂﬁpt&éﬁ df@lﬂe%kg 84 Id%%ﬁ)’is tﬁgrélﬂlvggﬁhﬁ aLﬁalc!: §!§ tgo

surface ._Wile not wshingt y any
pﬁ?th of Lﬁa&rre-"c Hewpy formaglisgpriinudy imsuylace st Featires %ﬂnnay

0,.809%,t.h
| ook Bk B By R0, 0 OR2 R RIRe Rl e
66 pWagat wishing g bvbdund by anyparti¢ubar tiefory, Heturad 34/may result

I d f eat yr, 4 tg a
o1 Bt R o b ik iy Bl Se W g o
pichalcravk veould e t@ﬁmpargm b lgPdV® frbmQp RIS F’Rermally
dissimlar materia bond coat 30 and
t H@F(%HY? S?y?rr%gd?%ﬁdwéa |ff‘é*§}€? 3&tp a pasiion ofbermally Herlatveoiares

agp satel bR a'let@aﬁfO@%fa‘EE 36.hepd t‘Mhsﬁr%B %Et‘w@kr?dlsﬁmjiamyterlals
contain crack ar owh to a si ng e dommin, e. g.

peet berd esfat Bhandthenmally m§ulalaw hager|33ympy Blzneld@cat:IeQrownh a
f g@rF&ytﬁe 1??14 ke 8f th?%g Jn%n a'ilgﬁgg%l %%mlcp%s& l at | K?o ii gle

ocat ed on a pl at eau o sur
evemnainf e.g, T partikn gf thewnallp ntsbbneedagmtﬂtlh@tedan pdedture B4 of a

TBC,.28 el ami nates. from.substrate on of

TERr3E of REFA Ryt L% ISR Mieay (BBl o

ah\mmﬁdﬁhgfyea\tdnﬁﬁa aéclogroazs ROt bﬂsmalliwu@oﬂuoa IoatrB@uzxof
>LLjr ace 33@ %’8 % Features 34 y i ncl ude, for

e SelAmnates dropy WOsraln 2o it nQl I B{528 that defasmiates RaY-PeG

1Bmiked éflgcﬁ'ﬁo@élboﬁ@){ féaﬂfrl: 9@1 @r @p&ﬁ&?ﬁ@vl& ¥ p[a%h JPAHERE 36.

Cross-secti on , shown in B, or may
i 1RO4AbBearet Hemay: inghde. decexamnke dfmr@ﬁlpn%m Sﬁo‘acee%aaﬁﬂhewn

a%h F@Q F'eﬁux%g S m%?"mc"l’ud ge%rgll}gr aa@ar cposs ggc%oﬁ 38, as

genera arcuate cross-se
halhdwrcmerGeleror angtitdude ahe&sreqrossﬁwtommlrproﬁleamn erxainqale as
ot her..gx n FI 2B-2D, a featu
LS G PR ERurc e i el ey SEvB o Nt
44uchasfamatf4¢rrele3>4gndtw ieqied, petgion ogeciedial Inyother apadéslad
Cross-s feature 34h may include a
C bR GI0S Ay o Baye 3460 Hfluds eangiaHy tangular cross
C E&%iSn LG ﬂeﬂﬁ@'%g 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 [0050] As shown
in FIG 1 B, features 34 may be forned proxinmate to at
| east one of cooling holes 20. Such an arrangenent

may provi de an additional neasure of thermal

pﬂ'ﬁ)ﬁsb A5 SrvioindliGs tB. deature 634 may be faanmpd eroxihase focat deast one

P J '
09 S TEE S SR S e o
I |th¢rme|d>r0tt:<moa tpeubsirgn 26bbwrerxampleathonld apbridon czf TR 28 on

ve.a p u of ubst. .ate 2 as cri bed ove,
AR RS Bt RPN LR B Ao B b e
t @ @p@'hbmgaovb@lfmur294 bhep@eibh hisove @fpledasi l’sﬂis&at%@6oz[s

30 t hat was protected by the now
dg Hig‘ﬁjg‘itbéeﬂe p](ﬁr"’gfi‘é'ﬁ“ Jrecapseieapiresdd aefogmed prgximpatetorcooling
e]ﬁbl‘éé DR PEItRA N Biratt ROV} BEHIL oGO thitvA Pk fsctdby thEhew
y provide thernal g rotection to the exposed portion

o#elémH@tefiapglo,ee?f dB ayckpagoolpg byfairexitingloaponmpicon of

t Foxﬂﬁ{té b<|$H‘m fhol-gggb %@z mi%{g :chPv &ttﬂﬁ%\m négte\é\ﬁé” t% tﬁe %Xé)o%ed

SSI eat ures
c@@lttllon gf subbteate 2Qor IQwdIchat G Oladikede] 2inatkon cﬂltlmq;dmcbrmftmc

g PHEhERNER g R PR A ) PEa R P Elomla

berdximare aommgwh@emy @n@m@g hsle12D MaPhles Rip ta/cdal substrate 26

feat ur 34. FIGS. 3A- | | ustrat nb f
R TR 5 B g AP GrsubRiei B s 94, For

exeusp| Beanlrk$34 Réby S@fb%edifﬂl by cOthphi@Rt HpIGRIIRZf features
i ncl udi n plurality rogr ooves %4 Grooves 54 are

o?f‘eﬁ@%géu%gtlbﬁft"ﬁ&ﬂ lnymb%r exesnplery feawrhs 3bardarraysn of ar e
f QLARE, 440 FRYBSIAL, %I@G‘ﬁgl%s%tagrs% Bt I%th{'es 39 i {h%d?r?

In addition, grooves 54 are su antl a Ign
C @bllraImQOMD@@s 20. Grqovgs freare woerded substantindly pemlieldo mmlnt

' l hlétS £ aatree Fﬁrrlngd in sHoﬁtrate’ rrcc)))glv glse t? rggcgis%ﬁ](gigﬁ %St E']t %A;ﬁmon,

egwodess:ﬂaemé smfblstamlatllyahgm toﬁ:ocﬂﬁxglhloreg 200lre&hetOvds, in the
ei ther. sid f g.r ctive one rooves 54. Such, an
o ety d d ERBGA Bocutists Rul BEVEm B of booling

Phokabo,aid B afpioRINSely EQLMsEHRTRINNHRSOWIT EQFRE Bles 20 on
bet vveen adj acent grooves. As descri bed above, this

mEher §i9¢ a%retspf'éf'heamesqfrg&oyesf i Sichae arangempEaNpEsegregate
f 0
QUutRSte 28 1r§tb‘§§iurrﬁ¥t§ oP&omdif ?a?o}i dt)f?lﬁe it r%gg&?egl W as

grooves 54 may be ap ppr oxi mat e
s Rdagent gropyes, ABAgscrihedatiwe, tblﬁb@dllmemvsrheund stressresigance

%P?ge%m%n%ﬁbsﬂme?gfer ent width Wthan other

grooves odinents, a wwdth Wof each of
g{WS2ER bherembobitnchat yveeves3p M@ﬁeﬁpﬁr@k&na@slﬁ)% shii€ Re&h

a%{ ag or»\g)nxiln ée&&/ 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 0.0

10 inches and approximately 0.050 inches. 11 [0053]

Adj acent grooves 54 may be spaced approximately evenly

apart, or may be spaced different distances apart.

The di stance D between adj acent grooves 54 may be

r 4053} Adiacent geooyes mavabrisprerdspRoxipeieiy icnentt epartaerymay be

v TR e c

ag%a%gegﬁtgﬁgpglﬁgwegﬁbﬂﬁ ﬁle dlér?]ansg RAce ogl:a]%e%r}t g’rootv%se54 may

pbe tdierneahyto |a$1p,1|t®asrel lorsomecmbad;memsmapvdm hétivgen | n ot her

e itch ma ease and then decreas
ARGk MBI o2 R eeRare i R B OGRSy epsepupaimcnts. the

ephddmapmt:&aseaﬁ de¢rbass icabeaically . FinGthed AmbbdigcRis 66 piidy

be approxi ma constant. [0054] Groqves 54 may have
o TPRIRETE DR (ATt o A AR B T EArERse oo Bfher

e¥mBRifent8 s A sHAkE in FIGIRAAIRGiEE FHALE apﬂr@ﬁh@ﬁ%oﬂgtant
tr%ﬁe20|dal or triangular cross- section,

i 19954} Crqoxes $hmpy base apvapety o croas-scptionzh sltepe: lrgmmgeﬁarm
”@Xanl[]:ﬂé’ @n taﬁ@ate SlfRated Qr%ﬁaté %ﬁh%ﬂg tg{p?%de&raz,notr YianBhiar cross-

| east’ one of grooves
c pastion.ge dliustyatad ingr16ifSi ll E abdh aA—zin oE&drof greved S@nmphm the

S4ime agssds%gtﬁ(nlagg%ﬁ% Qra? eastUn oo¥ersoo§é‘§ e, e{yq-la)\//e

apprOXIHHt es an pr oxi nma
i nkesectidmal gmﬁ& tbmrbamhtm phsof grh@ed ept mh@(ﬂepﬂﬁéﬂbaaf of

grooves_ 54 be bet ween roximately 0.004 inches
S EPONE U R Ry BRI 0. 006inchesaant mpproRalg 20

Winchéie 16 eghdleribodidénts, dhe @pBOYRACIPS dFBN P84 may be between -
apprOX|nateI§0the same or the depth of at |east one

ofPRIPUBGEY GU04aghasandppmrerimatelyt hadB inghes e fimilap rrethe whidsh
ofy gﬁ@@ﬁﬁﬁofﬁzﬂch of@?@m@? B4 Hla9fbe géﬁg)\(lﬁﬁte@‘l gg@c}/me or the depth of

substantlal Yy siml ar, may I ncrease or ecCrea
eileasd piecef] grgovesrdd map be diffesnathdn ahleast dm:qstbasaé gr(I(»Wesrﬁily

R BT A0 38 OLeTR R LARRE s BBt
i mohowesally, g‘raydncﬁéglsé axrdmbeh ﬂ)@(:re&sef Iolf fiﬁly pédi¢adt tu:](ytha{ ﬁcrease.
stant i ara to each other
SR B SRR GieRa Bimate ol asbied of Goness Bubdiaidenp y
pariabg €drmko bea st @Id’ﬂﬁfty oBEtdovdd IShiRAshikdnMally parallel to each
perpendlcular to the first plurality of grooves. Gid

58FLHIE sgeonddhralityiob arapkesdamasdrsybuamigliy perali e ersh other
Phat sibbihitia®ly p@ll'p@ﬁ(ﬁéﬂl&' t9 thel ﬁ}st%{'mﬂtg%tfgro%ges R5rid 58 form%a

respectlve one of cool |n hol es orne I N eac
oﬂemﬁsatoearugl%@ate 6 arnchdefmﬂmpluraglm of B8eme P eigmbetsate 26. A

of a@icsl% ?r;ezcgf cogliir% Pﬂ)le%fz% 19{"0|n]i1¥d eaghoo qlog’aus %g &rg@és way,

fom oné donain an ad
dendé b8 seghggamy smjfstr{lte ats umes phalitg of damaimchndrimpedeBtcitso

oS b A B OG0 e
Ofdrﬁnﬁdi ﬁd)xﬁhﬁlstoadmﬁlsalbdtamlally 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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hori zontally in FIG 3B may have a first wdth WI.
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 wdth W2, while in other 12 enbodi nents first
wdth WI may be different than second width W2. In
aé’@b@d"@?ﬂnts firsh wadshaV emp ¢ didisrent thhe SQnionId wict!slﬁ Wax. Iheddition,
: dl %o\ér%;emb%?L aeBr(]‘nts?[ ée %\,{gﬂg?ﬁ‘%%& o%e er e?rtlented %rgove in grid 58
omag e didfegend thae therwigthi af ab8ther @lrtmallabhwed @eow idtgkid 68.
ast .one hor.i al l.y oriented groove i.n id 58
i BES e v e PRL AN Rec e bk s iR m ol 58may be
harffemmthah khye voidihesTtag6th@rHoeienthlly Hentkd28oovk i gi$OHE In
enbodi nents, the w dth of horlzontall%hor vertically

0PSB EBRP e AR Widthyeti herizesdal gy veRisa nénd gevied iisgrid
B G20 M Fedsd Yo deWhihdeBn bt iRy, RO IIRPL SbodiEnt ikl idr dth

of horizontally or vertically oriented grooves in gri
581 hagizontally enaticaHy oripnsed graevas dmewd 8% mgp mcmseea@nden

t

 JBRADE! B8 UGS D L T 9990 B i
i Bless ingdd &p praybe Ih’atl“@bly apfoxi@btelyn@ O@Esinches aﬁ)d hmirommately

e nt d W.1 or

V80 LR T glnefebe S, Rundah: SnEost it of OF eroores
i ncgresssamdy a@mme@nmpeixynﬁe@mlo iftabEmd aﬁ)g@ﬁﬁﬂmely 0.050
Ad'ﬁcent parall el grooves in grid 58 may be spaced

Hk ©xi mtely evenly apart, or may be spaced

dydoser Abfacsht §£t§ﬂ'& RfoABAhlerid 58 SR spAtRadb P Liateld Bl

di stance D1 or betmeen adj acént grooves 54 nay vag
bakafle ehmay bt mapwed erpnt distancenartags lmpemagpbainenis, dey

_O dtahBED BB Dg %eﬁ%g?acﬁmﬂp%rmg 34 In‘fap Q/flﬁ'l l;epﬂee%}gproxmately

i ncrease or decrease"nonot oni cal
eﬁ@od¢h¢emdsapptdxenpe}b/<9h3 llrrah/:SJ htsoaacsambodnnbrmmme pmtelmmease
ase an rea

. ..l n
r%:re&Xe or ecre 82 monopqn ucgm a hqrﬁmEP@neg% ‘ilf R]éc ilyclrlilC]ﬁﬁip
bendal;hpﬂi dedrmé eﬂ ayCduefdagdnd tlheﬁh iactask] Ofyet bther &ABGRIiments, as
ﬂp qf Iﬁ ?éﬂngt nce gn between adj acentz%rppves
e @Iy PRIbY BiEh MK PaspPEImAFlX SN AN naddition, in
d kSth@Bibo iR hMRBMNBE DAGERNce§ hANERBbBVR i £ BRPHirection
direction. In sone exanples, the pitch in one

dimex b disferephihan dherdisansce B2 hebraca adiacenpizroqyes igpisecong,
irkioh " Do

aprgr oxI nat el c lse ?:31?{3?&&[] glbgrg]r(ﬁgc c(‘lﬂﬁnwl %ﬁggserocg g\ecergase I'n
gwltdmﬂldrfeﬁywmwéle oftch wfa %Cwmn@tt}omﬁa)cbmr(smnatelgnal
shaRes, including, for exanple, an arcuate, truncated
arcuate, rectangular, trapezoidal, or triangular

C {0958} Baubtdfthe, grasvek il grit S&n@thdve ot 6% varBtyasTdradds@onal

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 profile 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
may be between approximately 0.004 i nches and
aﬁlﬁP@ﬁemﬁ'ﬁﬁ dhs/deptipoiearhefibe gropressparebelBtuseh aaprosimately
t e
o0 TR B B gfie1f Do LRAE SR (L he A g gt of
i pashed thegrmvieam grol i&maw\beda:plprdmmathle thkeqatre omfthe eathhofaf
t r rid approxi matel y .t he sane
o iR LR sy o R RL R b g R
dirhé eepatndf thh arvoeds hBeiatre@ROr Aédieise BlonbBRIcYNQ BV RSy intREse
deﬁ{){ﬂ of the gr%oves nﬁﬁanncrease or decrease

B FATCETAFS OF GFremigAne Men dasease ahiFopmeeamley. disdepdrof

dﬂférgﬁi&ﬁf@s aishiddnB R firQCir8aRA; e.b.NvEAERIYSX RIS mal BE
epth of the grooves oriented in a flrst direction,

dgferen\t,gyap Fl@‘fgept}h of themgrepves glemm Besecapdfdireetiont e.ghan
t
EARDIPHCR. 6 SBUES, B A B AETAY L o
addéctionmay changd eyithin gid & evhge devdeptharfigan edoriented mea
: whil e the depth
%chﬁ%gl\?%gg@%'tgﬁ?ge%%g%%’%e aggmm géygﬂ‘c’ta& within grid
SEDQSQyInhﬁha[ambo&lmtsedsyllma&:ﬁ amFIG. [3@0519§ndyl’bf¢édﬁﬂés 60 may
ﬁ%l rrentsf .as l4 Lustrat din FIG 3C, an array
F8£T86T NRYSOGaheiats 04 Gindp2dpPras drpeseian mgsfuéarﬁé%%
62nd d3tineks aﬁﬁlufam}l’ﬁf pRat€HRD 5@ FSduBRrdtd 26 UR $Esp iR e 8fe 01%911
defi nes plurality of plateaus 59 in substrate /-%
r 8Qlpeeld is\f‘@”frtﬁﬁé“ efch @bplateags Shdn éhys pay, |g§1df66rsn$r§gat¢$ sgmsnate
obe fh&h Fﬁ%l iggf dolnﬂn{slyg es gltcl&lg fgj%xngr%% %ne domain

substra into a |ty I NS an I npedes
ctca@k@ijmtmdpgmmvw%rgayqu 6fmttaree6(his farined ptaxiraate adgnac ent

D, [ 60.is formed proximate to
saﬁ%asl@g ‘ﬁmhg Oth% ﬁ%le%vl?(%'h cool i ng hol es 20.
[ []IMO]lAAéesdﬁlsadrabbed eakhmfehe @ates OflerttétEmglr ﬁrg\tﬁﬁct]on may

i ent first tion ve a first width
VPR WO e bR ROu Rnr e aesondaisaten may
dhévetse€undVeiiith WAV B dnfe@abddinyntt ArsVWRidth Wlslﬂﬁﬁebe the same
enbodi nents, first width W1 nmay be the sane

s BTBReNA idihWpwhilgin ogher pmbediments firss tiidte AY smay besdlfferent
VWHAB Qec\é\{lé-w'i‘fm{ V\ble IQ'aEélﬁEn? A sorﬁéwéﬂbo%%ﬁﬂﬂ.ﬂthw&tn I‘(l%ta]g;%spone

dition, in sonme enmbodi'ments th of at
oa@ovwrm in piflesidirection imgrfid 62 may bc detsamn as or djfferentGRan
t f'mt:g e t he dth of
anot gtrh Og?%ogve 5(?0|%gn le(g‘g Hrs%l TSt U |2oﬂ PH"Gri d
62mbédimsmsehe wittooli greoves Orltfﬂﬁ(ﬁi wadid’gldlilregﬁ@ﬁiﬂ%sld 62 may
[ on

RS defredie Seadichichlsh Stk bl iy oIS Heordgol
epiodisroeivhted it Hisingle diréctioh 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 (WI or W2) of each of the grooves
ingrid 62 may be between approxi mately 0.005 inches
and approxi mately 0.125 inches. |n other enbodi nents,
the wwdth (W1l or W2) of each of the grooves in grid

6 00kk) Adjgecris prrpliel gronypsy BXarePengy b9, spasdiapprheisatatevenly
aQIEH}P éf‘ Hg}t’ SJ: %‘pageé)cﬁ%eﬂentc(gﬁ%&ce%’é)fhgg%i%% @giaﬁ:agrg&;es in grid 58

par al | ves 1 n
aplbllsmaiﬁdrmtlﬂﬁﬂﬁv bnjone eapmdiments; thmelystdme Epam@d between

P B ST R R benaPbisriiol Boriehaloti mont <.

t b@rdx@h&l}(:@3 Bichey. TH2 phiel wagmcraash GCRBlea@MsHOBmicafty, TR
var pproxi mately 0.2 inches and
W‘?eﬁregser Rekdecréaps, é“qo‘ih?'t’r‘ilc??ﬁif PHBREkSe or

d@ﬁfr@;ﬁﬁﬁtemgtﬁﬂ GRhdditionTBhé dididhel BAIRNARM aliB&t grooves
decrease, may decrease and then increase, or may be

appFsed ‘ﬁétfgﬁt)ﬂ"@%?%‘t Bt be qiffergpidhan e distanes A2 Betaereadbicent
dg;o\w&rbr@meaaﬁggeecgelzcg@ve%ﬁo? O{n SRk %garﬁﬂ(]esa He rPn%ﬁ igone

rection may eren han 't
béhmmanEWﬁmE@mcor@xumvewﬂhngsdﬁédﬂnhth:m&momdsamnd

sone a Ies the pitch in one
{rg&'%hgﬁyrkr’ggppm)élfne“ e%c%lrStaaecr ease within grid 62,

wmase] Tlimarpplttad"e &.8., theshaand frof [(IRE3it68 pemcyof‘rgeoove 61 of the
appr ox teI .con t 0062]. The anplitude, e.
¢ RBbshiaf Bregussrf K F i 630 E1cin guEK CBPOYPBRoun G of

t B@&we&i iﬁﬂ)ﬁ@dnﬂ@d&:lywpﬁl\éﬁe% ahd aﬂi’rb;@lm@l%lmy inéBésY sIn %ﬂ‘l@r In
sonme enbodi nents, be between aE proxi mately 0.2
(S

i pRhedimgnis tb@wwuw@r be losszham@ Bénshes ar gogates than

G t nplitude nmay be | ess than 0.2 inches
o?agrégﬁgi t%lnﬁagpprOX|nately 0.3 inches. [0063] Each

ofo%th@haxﬁﬁwsgroweg fri gtido2 mwyhah/avoee ofwewnfetyaof\cao"ss-eéoylomﬂ

on i ncl or e | e, an
SRR TR Rea AP har e ey arclie B G
orra]teIZDﬂIlgonl tianguloBosS-eadion as il@strated USEIGE! €8 ahd2 KLIBD. The
sectional profiles of each of

1B h
C RESGres B PRl B cteht B sovss ML 16 sor o Enesle. The
deffefenf TiRAdHAf ehétfofGhOSY SV%SW b@%e@\e&f{\@ﬁﬂommate d/ 0.004

apprOX|nater 0.004 inches and approximately
i Hchesand ppprekimatedyB820 iehass In sqmee emehadiments, éwmpth@ff eaqhe

SEPRL R BB IR ORI AT 0B T U8 IEER AV,
8808 ofchgshdn g@d)@meﬁle|d¢p@rqf dachof IﬂEygrb@'es apgrrcbsai may & y
ma@) %ﬁ\qgtewtgé e eb de%ftl{ (?ft aé eg?sf%ﬁ gp tglF ﬁéorotvgsfe m&@&%?fgrem
gthanwelsast H)'h‘teotﬂamf Ithecgrodi\l&e ThicodepetSofIThey groovds @ Enddéase 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 he dePth of the grooves oriented in one direction may
c H6dk r\/ﬁomemb@ﬁwntswsuhmmp aay fiecluflepnarey ofydiswete seatures

A8 B A1 TSREPAA a0 Bs P Bk TRAGHT

a ilstraiey 'cat aaframavf faahw¢sudehatindudeay pbiralily steistutar igatsions 66

PGP e 5B BT O S g

Oﬁncilﬁlai Mpﬁ&ah@ﬁoﬁﬂ&&ﬁgohﬁll(depﬂ:@ﬁorﬁ 70! fohfndddiih }L’u&frat@ 6 GHA BIG.
sg; SS|ons 66 formed in substrate 26, Sinmilarly,
F

Nusrates gn arvay of &eatuges Rrthatyncipdes @ plysplity o6 ellipticel

| agpreddRns 24 Rirmedin du¥stRite i@xﬁﬁgﬁhll %pEﬁ S34rARredFons 66
formed in substrate 26 and [ ustrates an

aftaype Irmed araxiraaie focooking helpciQy c@scuaar 9fsmmqns 6 affe also
e'sﬁﬂsi%hﬁejall}gg%ﬁﬁﬁdo@nﬂgh&%s @rfsﬁ%ﬁn%gpams{{%&go?ﬁ The

plurality of circu epressi ons St nmed
pdeptessione66 betwool adnayelktab‘esommlﬁ haled 24x. depr essi ons 66

7 e8] SO SRERIS o il b PGl el BrneBleneian
adpcaplemlntyr af\mdshpnf:al(ziepﬂe!;sﬁtgls holf&m dfferehOfd@Erhs Afoufilh 6¥¥link N

ablF 2R il o s Rrars s 61 Rpada ofthe parculr

d pfrte@s ©rMB® by éirdulir Medlhddngll &xY elﬁﬁtcta%erﬁ%ﬁf)w 76.QRkkNg
holes 20 than the plurality of circular depressions

écollﬁégyskvdﬁ@@rgssms bbie: thadenressions 66 prarcad farmest preximae to
¢ hﬁd:wbaﬁntlalﬂ? ‘%nh L%Bﬁnflla(llésqd Cale 1%@%@? Bﬁr?eﬁr?s £9 'shapes

ecti vel epressi ons
debd@sessslgméea@e meslka@mpie@rmdntm paxttamtaedtsbapeanﬂ

t .
" HFLERh: B sPrreARBRANY, SRR T G R aubes mal ety o
rrﬂeméxloes(éﬁi‘rpf differeattlak ach padifc@lalherdpdndNaRgISptRAI shapes

r S 66 are contenplated. In addition, an array
oﬁp Egﬁdﬁgs may i nclude depressions 66 of dlfferent

S [EBEF As 8eschbaiSabbid, ehT det86RMM9 BB may Bhaved hibRbicF&! width
shapes (see FIG 7D). [00661 As descri bed above, each

ofV-dBsPrs sMEAdimsBts R dismgter ar widdn®t efidepressipngtoh may | n
S%a%‘?ﬂbr@%%n&oﬂf‘caﬁv AR SH oL é%k%tdnnéﬁéso the diameter or

depressions 66 may | ncrease ofr
nyidih 3 picdeprepsionsi6l reay increadeand mcmrmnbsdeadaee and then

ARG In By BTy In BB Rinal, oT i S 08 B8 gy

obharbsentimdiisimeittr shrot gheudireiyeif €satudes 64, dh bor¥ &fhibodiments, the

dﬁﬁ et Ioro vrx}lsdthGQ orpgch 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 dianeter or width Wof each of
depressi ons 66 may be between approximately 0.010

@h@&e WacealaprWPwa@Jéqeyt depoBsionnethmsy v4rp besome
%ﬂﬁ@ﬁ%b&@%et@@eﬁ%ﬁr&ﬁm§ n%f?&fa%' p@%%'n%te?vﬁa ifches.
qart or may space Ferent tances apart.

h¢ piggh may mh@aigmdmsase mogouodlcsl&' inaly isdreaat et uhen FI G

1 ce.D hetween a cent de SSi ons 66
5o T, LR AR 0 A RE D Bl B BRPrab sl iy T
O ad&imm H&Sﬂlsiz[mte @glmt\oefdnrmjaeém d@prgssidmié |i66$n a firsR@irgtibk hhay be
ea r decrease nopnotoni ca , _may increase
gﬁﬁfe g an a?cq")%%{g’g Weed’e@aé%@e%(ﬁﬁf‘qr‘ﬁ &A1 fescantse, or

nabfedﬁ@n ARPJohel B BleY, t(ROPIEh N bne dlfkctlgrglqla}t/ ir@Feasd (Q%ecrease
itance D bet ween adj acent depressions 66 in first

de thedifeliye fseondgfirerdonanay boanproximatglysoasivs. l:n other
b@i Y s’l’H@J REERLWIS
di rdgﬁéﬁl - pI g otma glg(sgzﬁlgl Wﬁer@ﬁndﬁcﬂla@ dﬁg&gﬂsdmay each change,
dege dcragse imgbpth ﬁmcé%edf@read%mrlma&trectlml brein¢rbese i 4 it
[ t.i e approxi mately constant.
Elr%tuﬁggﬁd@efgéagieg 3 Sg?%wreacqﬁl in two substantially
p@%&hﬂwhl,dfdewdssroas 66 ang hmseyoreaxf f vafian QECrossesthlonal shapes,
frlrcL?ase bot h di rections, ?ecrease in both
d

{ieofoL exaa?p‘? A8 PECHatS: trypcated Arcugte. rgetanguiar Jrpggqidal. or

detwhgdsiecrbfi- sactﬁﬂC&ﬂﬂuﬁﬂat’e@Qﬁ Fos. 1BAAE3IA-EBC Thetross-
depressi ons 66 may have one of a variety of

cheslenal ewtﬂu'f'ér?ér?afélr?éﬂé&ressmﬁ 66 may g therseme ex map be different
alypHAlB arh§ UDRAURA 63T GIBE B, TI%CJCB{PI el oﬁde@t@?&o‘ﬂ,&%@ay

or triangular cross-section, as Illustrate
1be betweenmppximrHely §ri9d nchseartd appaiximately 01026 irmheeda Romé

d di ff
gﬂﬁ&ﬁrﬁ%ﬁ@%h@c@ep@% € gha(%ﬁcﬁe fc'e%%%ns%:?gna bbf?;vee?ﬁggrgglb}aﬁely

InN an arra
00.084 gkehesfand epwresmattﬂbso.ﬁ% imalyes. k])leadlmﬁc\wﬂﬁ depth of depressions
rOX|nater 0. 020

a i mat e| 004 inches and a
RE A SRR ol A HE e 2 e B i v ngror the
d&ﬂitlesﬁdt Qdast &l off B dBﬁre&%dé’%@ a3 R IdPPRdr BB 1R YAt 1695t @4 other
H and, approxi mately 0.008 inches. In addition,
fgt aaiﬁrﬁss:&ps g%pﬂgsd:ﬁp% theacg:pwspﬁxpsrﬁé&ma)amgrgyse@r decrease
f %B&Bﬁiéag@‘lmaﬁsglcré&ﬁe Al (HEYd2fea 8P BY ﬁ@ﬂ‘ a%ldXthhﬁcé%geln

or the | east one of t epr essi ons
nedditin, tiefdppth of thetdeprgssians |66 asy Cd)meolﬂdmerone dfrecttlhe within an

dﬁp{)ﬁﬁ‘%éa‘?ﬁlés 6663 T&%Zd\%m&h er:#tﬁ' Sf ?%Ppersses 7 IB?)é% Srga)y oy

i ncrease or decrease’ nDno

t fengddongaseond) sutdentidhsgerpandictaedird o &/&ﬁﬁ‘n thd dtray of
d ti he_ depth of the depressions 66 nay change
e%ﬁlées%gé%l r?gti on wWithin 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. [0069] Although
substantially continuous features, such as grooves 54,

an dLsFretﬁ Leat r%E, sach §s cj rcul ar depressions
6610sHEY MR I loSRr R A0 35 IQFTRedin subsiralegpeproximate fo
egba gL 20. GPMMdiIHHO o@@mqf@s@bﬁaﬁiahgatiguea% B&YinBRoles
utilized together. or exanple, FIG 3G shows an

arPaln gherfedyy inde pmbpdimenidigratedpn B! 3G. grasives e fnsoled
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280 Rttt oL AR S5 000 0 RVES
obheroliagdiolas 20 bweithed sideoBaitespactteoz®f |graxen®d. Such an

cooling holes 20. In .,additio ooves .54 are )
S MRl sehRenk autiiele 263t s G LR 9pAng. ooty dompin
WoEidg locafed ﬁ)bt[weem'&!]ﬁideﬂﬁg’l‘boédﬂ AS Hés@fiﬁiﬂ zibibvf;!tl@s n’ﬁ@iimprogf(:)
rooves are l.ocate t en rows. o cooll n ol es
S s LT BC T e Ao At he. o of

C I 700 oh QbR in®htsS bfoldds S fl R apBrok ASAES ihV@meNEdaf
grooves 54. Such an arrangenent nay segregate

s Wb tas shasvig FlGt 35 -alnpthar smbegimsnisceneeir meore graeresddmyrbe
bgidhgeLRGALA WD Bl WS8R, gx%@%%m I §&%V§§bodﬁﬁerg§§%ihthe\’d¥ of
above, this may | nprove t herm stress resistance o
TR®h2E gravaedl may bebsweat appREim4tel9 PAI0S limchsoarel approximately

e i. ment r ooves,.54 be..appr oxi mately the, sa
o2 R n P ENES R T P REY IR Gl S RAVE
obetween apprexigaeivies] Gidcirea indeppraxitakiyar.@itinstiedt h W2

t ther grooves_54. | n sone enbodi ments, a w dth
A1 E i oe ar st iy BSPas pBIRERHOE Ak e o1 ey be
O'rsr%%d HIFRRAS diBRAHC3RPARXTHEREi®ANte ). beRRech RGBS glodvataer
enbodi ments, the width W2 of each of grooves 54 may be

b&taydscispEt ©as pitelepYd B 0ME cmbehigeninman iy bRiveat el y

0. ] 5 j r 4 e
A pROATREIED S et GRIARRICY GIUES. ROcHRHRARRAR e
dipfttlemenincrtiast ensersasgpagnotonidally .dinsttan cebbRintsetsysbe pitch
aqj [ ferr to itch nd
s RO dttens CRm RS ResR dnB3eeE, Eke off
0.eBbbdictees, @nHusaeddx FIRABE, the@itdh imag be apprbximaaieconstant.
enpadi nent s he itch may increase aqr decreas

D Rt 5 Mo hENa B OB HORNED o RoSpTERTS Mapes

| MERBSE ftlahPleandRE282 &8nfed PR ERERAS Rarditsbel 184), or
increase. In yet other enbodinents, as i1llustrated in

Fitidangglay cropiesepiiene s tagtraed inghe SxithadelA28b fachaf grooves

[ BQ%2y HX OMY8ImErolRYHFUEpPRR, B at TR EorRTof Brob @ Bilnfayof
cross-sectional shapes, 1ncluding, tor exanple, an

athayea éifferentierosstseetianabpratile, thanempdiageriead graovep®lz oihdalepth

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
54 ma et ween approxi mately 0.004 inches
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or width of "'each of circular depressions 66 may be
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W1 of each circu pression
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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

di stance D1 between adjacent circul ar depressions 66
in a second direction. In sonme exanples, the pitch in
one direction may increase or decrease, while the
pitch in a second direction may be approxinately
constant. In other exanp]es, the @ltch i n
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t he technlque of FIG 4 wll be describ
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depressnons or combinations 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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[0078] 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
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bond coat 30 may .include an alloy, such as an
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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
enbodinents bond coat 30 may include a thickness
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0085 n sorIe g’oodl nts, formng a
op st faemally psulptinedayes32.0n bond coat 30 (86)
nrquossp elritdRd QoA Merallyl ih&llativB JyeRI92Yank 05 tag tok Y&mlea @i -
and a second thermally insulative |ayer. For exanple,
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betane theddaldNdsulative layers 92 and 94 may be different.
[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 |layers 92
and 94 may be approximately the sanme, and in other
enbodi nen t he é)orosuy of the first and _secand
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formed by depositing first thermally insulative layer 92 in relatively thick layers,
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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

23



This may | ower the out-of-plane stress due to a
thermal expansion m smatch across the interface of
bond coat 30 and first thermally insulative |ayer 92,
and may inprove thermal stress tol erance of bond coat
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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 col |l ected from previously used or tested
conmponents, or nay be predicted by theoretica
nodeling (e.g., finite el enent analysis) of thermal
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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 throughout the array 116 or 118.

F le, the size of features 34 may nnnotonlcally
i ﬁ@ﬁ’gﬁgp r’&%'%’rr togfansifign frgmy ﬁé&?araédgﬁfo WroRdALTay s 2. cgfh
nﬁybsleq\ri‘dhﬁﬁﬁsewﬂmd tiah@ilorll &£ 3Buddd FONG fturky¥™, and an

per pendi cul ar di mensjons. [0097] As FIG 7B

i |inqieasechipasing petweeihudiacapidBathish 84 Withinghe reve Izeshnmy

I =)

¢ Hahihabaredy ARSIl (BRI sy fhasf Bos AT Ry
r elgizoiﬂramtiomaé atrgc Bi0gdayoppvide theemdlisreds nitgaiion olmt 1522

' first.arr 0
b et B Senhrt pbla? oB AN el 1S E A W B G
13z “ﬁﬁtufeeaﬂ or gRicidd of MatubdsrBatwithinsirdrsRivahl adfah ag0 d@Bged. FRr

spaci ng, i tch bet ween adj gcent features

AR Lt e R prGeET RUBLERSY FeBH L SpRtiH b1
f eadats @Eoxdflatk fo first &tayanB an tESthbhal Bigess ﬁéﬁ%aﬂgn Bfovided by
features 34 in second array 132. 25 [009

exanplienal pean Pamsoximals to sesaid #Fayti3drray 128 to second
anoe) J@t%ouﬁaiﬁlbi 78 YIAREHLENM Iy R 1t\% Bh Qtuws%ﬁ%harg%nhm

array i ncl udes fewer features 34, i ncr
s pragsinepabarayeX), mdjther ermbOdleratlt@raesszeB 4epAln ton sirapt: o€ featowes 34

I. noot
it hERRID @1RR0 SEUAREITRG T2t Bpengs,.
Trsaomidar to &amresanmmnm&eomaprlom tesoireemitelinsdnfse 86 or more
m'girg%ti.sg.n ttﬂfgtt is. interne ate between first array .
1 S8VAHELEE BhGHUIF 3% B 2Ca PR APl dRayhangeyithin
feﬁhuﬁaﬁl&ﬁnonﬂﬁpa0|ng of features 34 within
tranS|t|onaI array 130 cha %f For _exanple, the
1

t HEHIOL FIG Hellystratesiagubsteate 36y pdndiag a st prran 48 ofdeaipres 34
arcﬁﬁ%ngngmeel BRoove iR L REraRDPHIRUS b Brdt | I gﬁ%namaaf 128

than the thermal stress mtigation provi
t rsapsstiate] 26n Hubsirageadp a1®0n§ip®6|ar$a¢<mdtatrays éﬁ;bmf(feauneaw m@cd

leg ge!cof/i\& %)Eﬁﬂﬁnhl 4%'095ub§l$%th 515 %%%1 a%lagssl ona I%Opolf tf es 34

features ransi ona arra
i rfomdden aﬁahmmbna’erregsm 144 sf sbstralepd. hFlrsD Err@,hmenﬂﬁdes a ﬁrst

SO TTo e R el PP, PO BTG it Pigfdpes Ft Spadne

f eatvter adjddentchinidd 38 e Tadmdition baYy 1592%ncHidesSPABRg between
enbodi nents, two or nore characteristics of features

3 &djaéer@ feattg?szg thgtﬁ:g'ﬂges gg@tqqlngérmléﬂrg%wacm)lpet@wglh&gtures
Wislyhh Birst hirANBdstih 8GRk sﬁ{lfaf“% s%)§8ng BQJVQQJ feftlu@s 34§ second array

illustrates a substrate 26 including a first array 148
ofl 52 e bt thisexayaansitional 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 forned in a
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c itﬁcﬂﬁkc"ﬂrof 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. [01041
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

3 the size an or de of
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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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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
depressions as illustrated 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 1B), and/or thermally
conductive layer 32 (see FIG 1B) (e.g., using finite
el enent anal ysis). [01161 As descri bed above, first
array 116 and second array 118 may include first and
second patterns of features 34, respectlvely The
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0.02 inches. In some embodiments, the thickness of first thermally insulative layer
92 may range from approximately 0.001 inches to approximately 0.01 inches. In

some embodiments, as described with respect to FIG. 6, first thermally insulative

layer 92 may be formed with a p]urality of substantially vertical cracks 102.

31



[0120] 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

| ayer 92 may conprise at |east one of a variety of
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on of substrate 26 or n coat
sd@y;em @2 may &k iferinet a/gtha plurality of substantially vertical cracks 102, e.g.,
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 |nclude the same materials. [0124]
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heated to a high
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 exanple, substantially vertical cracks 102
may be formed by depositing first thermally
insulative layer 92 in relatively thick |ayers, which
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s@geﬁemn F18- 40 eaac £ gedbihsbPremitn@uid Gromebyphssing the bledes ang
n
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m one or nor
under]ymg 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 application. [0130] Blade airfoils may be
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220 may include a plurality of blades.

[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.
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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 |s a surface
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eﬁaﬁ’pﬂ’lefs blaﬂs 2%mﬁ5/ beneétfrom thd feamred Ia@dj@‘rayz 06 featresisiespived
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in the example of FIG. 11B, a second coating 242 is formed on first coating 234,
surface 238, and featureé 236.

[0137] In various examples, surface 238 may be leading edge 206, trailing edge
208, pressure sidewall 210, suctton 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 har dness, and/or tenperature resistance
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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 exampies, 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 ronnmental conditions. In sonme exanples, first
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[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
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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 iinclude 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,
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intersect edge 216 on the X-Z plane lllustrated 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 | 1C wth rounded edges 262. O her
features, as illustrated or described in the present
di scl osure may be configured with rounded edges.
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concentratjon that may devel op.at the, edges of

¢ earopuatblogees i proflite FREC pRinibal 0456 Sore 25631%my

Pegehdifh@ial i enviRATeBy fran@ing dedbire €336 Jutls Biat etk 296 dé hadt
ot herwi se be associated with features 236 that

m
i ri%Fra%fé c&ttarlf hangaer cackformadon mabe climyeaied orptheryise
ceq %rtéta%mameg@én-cﬁ*sangceszsg%aﬁceﬁﬁ @%%X. RE@dT@iBgQgeven if

crack formation ™ and crack grow anot her exanpl e,
r egragk doragibs c2eb s 6 2llaveed te gthwcie aqroint evhierei anlatge séaioalof

st £] L0 Precess. For .
SRR B P AUy R LR e B s g 21
aleffoas thie mstodgiaatic perfaBdndepart ietl greefhieienaye of ghis tirbine Bhigine

n32h Rt R Rud P 2 e GOTu T eI s

amebvidd ttger feddypaicipeabiM e hada bbhpastile BRVESH DD with
surface 238 between features 236. Bridging may result

i AeatyestioBtrseEtingsdet At Privmay Baprovs e ROV Rd effisienanal
grgﬁyd\ﬁhainé@{éﬂ%ejioﬁﬂﬂigﬁ is2@0ant£Rud Y a VATMCSEr lgisgﬁsl,.' m nate

bridgi ng, and, hence, stress concentration. By
r dOR401 Higatenes xsmay be tonmediin aprarray compriel eplyrdity2@deat@e

. } . ; ¢
e B 3SR L PR ALC Pyl BBl B TR et 2oB S RE R or
1 ¥at@es 2 3efram e plap3tewraljorleearhple A G. p3 Ao xhavestan atray efifpetures
2 f blade tip 214. | | es, bl ip 214
a0 s S elip i fpgar it B T S s s T8y
beedt@resBD ¢ @ooNRID24 Mat QeateBéReSidg e htdfurfaba2By dri p

214. I n any _exanp features 236 may. be arranged such

|
t PEYIeqtions ?évsth%%teg% o surface @p& kotle@iygly refemedip aspkinear
X-tatite @86 | 1 isdrtad@ds S0 drd GientddAubsthtifAlIRPars nél%@ga}%mer

may hel p prevent delam nation of first coating 2
aridd eve femreadmdoimateitp gdge 4 61 Linear isaipfead82 d@dot, Mivdver, not

er?‘lg}sgcg eage ?% %gylpgn %¥an L¥erd? %{agis%g%?arte EJPEQJ Y38 iqﬁgrai 29

operatlon or gas turbin engi n vari ous force
i pduraldty o doreaigs. cadhhdommixl beamgllocaérblaatwednragdgserft hinea featuray

concentrate at edge 216 of bl.ade tip 214. The 40

C ORCER B SR E e on Rl B s B o RS el fapes

begisorfade 289 g¢hil2 htairiding 8¥itdicheF@Fhahic e tfortvain S for Blade 200.
ures 236 such that features 236

arrangi ng feat do not

[ 1D EABE U Bensial d msareatisn dodo nolinieedt 085 Sk bl bl 4. In

elsbie R4S OlinO REIMES T2 B! RAA R ity iR b H &I 18N

of surface 238 adjacent edge 216. Accordingly, even if

a Vetheekinfesteating adge 2k4-delethes examples livsae fatieesgildwayo a

p%'rr@ﬁgem%ﬁitﬁuljn %(sﬁa%cé?(%dv% ffgm edge 216. For example, linear
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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 del aninate fromsurface 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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302a or the height of at least one of linear features 302b may be different than at
least one of other of linear features 302. The depth of each of linear features 302a
or the height of each of linear features 302b may increase or decrease

monotonically, may increase and then decrease, or decrease and then increase.
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[ 01501 Adj acent |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 sone exanples, may vary between
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AR PRI LS SPERNEE. Bms Ty OLRe SRR ISE ! Erooves
appd projerabml yrid3 Mgte@ﬁlbﬁﬁnrﬁw2ﬁ§mfo%lﬁmh@|dfd@m@x%@ and

i nches above the X- Y pl ane defined by surface 238. In

s oftRedsk siiApifsdEom eropingelse ope deragip toan adigrenidontaiiht ur es
gg@%.’:f ArfaDef Rekuahit310fis i%ﬁﬁ Oﬂan‘n{a&et@redéeeﬁ%%@rﬁ)ugﬁ)l@sch

ween apprOX|nate Yy i nches and
agpeoXliomin sarjous exm®plesaemasof (Sitwies 310 may bhienmgdiately adjacent

t t j e r 2 r
nalgrEofiRls fRGReile cdef 5P 1A LRI R o fures 310
appayGixiangddel ryinirimem samace awayt finem dégt 1 6dficiading, @S tmiaiieum
of .line eat.ures. 302a 0 hei ght of at |east one
oiFATIEA SRR SRR TE R B T 1 or en than ot

| geusid] onsonf exainbrs, cath bff InRA fehtarRt 91 B6ricHkd. subfignt@dapt h

of each of |inear features 302a _or the hei %g‘; of each

oftorizgnéally in By Bsmayoimye adistividth M end eachend hedingar features

mﬁeﬁte@gub@dahe{allyrwlchwrnefa@e1%1%%*3@% éjﬁ%rﬁia@i%th ®. In
decrease and then increase 2] FIG 13B

|spms exampdes, Hrst widtia)V lonay exthe same ®1s@cqﬂdawdihnw2mles: in

Itlg:rg’)ga Js%ﬁgﬁdiﬂyw nra rb%td f?éré”tﬁjl tseﬁo%? llﬁtﬂ

features orms subs | Al y parall 0 eac ot her
araddlaosemsmnb pdampiads |thwwndfh dfianzast oheatrticaly driented dinear

ba%rg% grlcl £1y3 rﬁziavr t% c& ﬁjerent than t%e 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 that
ext ends out of surface 238 (coIIectiver “linear
featun S 31éd r id. 313" % one exanpl e, linear
¢ EHiEHBSrisnsa Lfer fHine ST GBS PRGOFERRST ARHiSSt caus
3ibnotoRicaN SWhElE irCXREYx8mples, MRaw idiea¥t Hoki@sntalyEordlettically
projections resulting in depressions 314.
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one projection, or a ves foll owed, by
B S5 B e B o g famG e
gdREVESD] 3ND2 PAIS) BFWnaRHital € of piftheyBlilcedadjhRaeReadent
of the specific selection of grooves and projections,
gfFHreIBOs Y Bearesanpremeiely3Binchrsand approviamafely 0. gfinches,
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wiiricheasd. llnmeemtheamxamgleedg dluzftﬁed inrF th h3, tmyatqblm be
array .of featu 31 arranged, a_m i.St ance
T e SR T et S B e e R
3Qdjackas ifidab eAdrundstih alfeg @@6dtioh Ondyl Ho.diffedént thad kb dlistanceSOIE
exanpl es,. each of |inear features 312 oriented

s GBYeampAiafeny IncAfeptess imp pepondhdipgction. mpsoprg FxaaRgs: she pitch
fiif Ste dbediidh My m@ﬁ%e@ﬁ‘a@cr@;set\ﬁﬁnd érﬂ?ﬁ@ fead ﬂ‘)@ %ﬁch ina

oriented substantially vertically FiG 13 have
a send dieaiod oy \ke appreximaghe cansiani| es first vv| dt h Wl

TP AR AT SRR S kP 0 ety EE e
wisblples, \I:ludimg, farcdthmplenan arcua&aotrencsa)ﬂmpdwte tebeangulat h of

t | ticall
c sl QR gL o frstfony R e Bl 0B bAGTnad Ac.
vand i1 z&akby Eedhi @fiecitheat fem@as if @ad 3r3emaynhagt itk s3mh3d cross-
Simlarly,_the dth of at .| east one horizont al

ors?cé‘r‘?f’%ld’mf Ie. e 3t lept Qg pTehs HnogF fegtugesdn gid 3 hmay M\@raent

t ieferd i %rdé% Hcbodi pﬁﬁﬂé m‘é‘ﬁ arhﬁ’lﬁér RO Athl Yinea? féaﬁf?@sqg grid 58.
l'inear feature in grid 313. |In sone exa

wiTde derth oherch pbHedinkyy f@ﬁ’fur483 \2aror thedieight g?ﬁ?ﬂéh@%‘@flelat featares
fa3buikg ‘()QF%(N] Nen V\ﬁ:}xf ﬂm{te iR archeOh ddaigot‘iﬂ'gﬁw &%20 6r}3ches.

nonot on ein ther exanp

hdn s(zmnt)ahipyesothe depth bfedch pf the linear features 312a or the height of
each of linear features 312b may be between approximately 0.004 inches and
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 (W1 or W) of each of the linear feature in
grid 313 may be between approxi mately 0.005 inches
and approximately 0.125 inches, such as, e.g.,

tmee Xi ter 0. 004 |nch s a Xi mat
5083 Hanby e BRSO e & dsasteons A pine [ e e L
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offeature id delﬁeai byf :egtouvee&au aneagyrsi aoﬂeﬁxksslmmtmmcaazaxaa ety
SS-.sect i onal including, for exanple, an
o PETSETRN U el of Rty S hmptTiion of gPaRasH dal
Olprdjédtiang Uh ke Gidﬂﬁﬂe 98 GinuSdidal Faturtd 4486 Héfae@ By ighodvkSS.
1B, 2A-2D, 11A-C, and 12A-D. Each of the |1 near

f aesu{iingdn plategys 448 Anillupisaid ipHIC SR By agther example, all

S @fmubdda lfeaRlr&f drk geﬁnQH b?tprd &%idohs Qﬁﬁtu@% mtcﬁﬁregé&ﬁ%ﬁ4
features in grid 3 Have a fTerent

c Adtssnasieely | seﬁlalsmpscuﬂal If@mrh@naxabmdﬁ@pd bn erogf/est»welel dthemar
f f
SRS f%g%gsr z{rg déf%ed b 'Bg%?c%g eac h%ﬁfﬂ]f QDne %19 J:ol?l?rﬁr[; of

features a or i near Teatures
3 sitiosaidaf f@@rbmhweb&ﬁdmp |b§a )grdmeslvlyale(hnﬁthzr fomchdresluangle.g., an
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cHARERe LSy v R AR e GG SR qramples.
hekig3R2 afay aR@tiite Bbtwebmgbvdseal propetiddsihcldiyg) b:eg hﬁie\ge&ﬂe
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" Mioaed Bjope prjeciion. i@ Pty Owrowf‘é folired by | @gehwrf
t hfojedtion® Aurth8AL I isatidALEE g?soJeB gndﬂﬁiogbﬁo,@faree&fa&n@ﬁated

| inear features 312b in grid 313 be approxi mately
t He arya¢pnfigyrations ged 52 sapregeisa skédcg ﬁﬁ oo apluradispsef domainsf

| o8 Rfpeddlerh SR Srodhie (Y oREadHhdid &Y St inl €25t

a ed 0 4 i B doMbin'
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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
dept h of each of linear features 312a or the height

of e i near f.eatures 31 iented.in a fir
Qe aeiuding §F. mER I GR i e R i faspeds i PG
diigherent than the depth or height of the |inear
features oriented in a second direction, e.g.
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cleienged inia safondgliecti®@1Bay hdve lrseqoheé width tWa2. olin soime |eg4111plcﬁ‘
[ . I i i cqnd C
of P Vil S5 e Be Bl ERE e B P RAE RN FEAAG AN s
otwlidth Vék mapbediffeasit thah s&ondivdih WL. FIh@ddnih&Cm Somadamiples
of, featur 320 m nclude.a grid.of sinusoi.dal .

¢ TR B8 sa ope by cprilestip Biend den et HiEep Pl erid
f 822 Wa§ bk diffkednt AR tlJQ:YWﬂthchQﬁMtﬁelt dradve®r pRfj@SioR oriented in a
depression into surface 23 proj ection that
ex¢ond direstion éF 84332 da S%eexample T&‘é idth &f BroRvesfor
gt Qﬁé’c%%n%ﬁ%ntdarl@h @ﬁ%le‘%ﬂ%chdnﬂn %ﬂ@ 3?2(%?|1rﬁzrea§é dr decrease
S|nu50|da features are defined by grooves resulting
i masbtenisalls vagle i ether examplep. theiwidtkokgropves pr @ojet@@s. | n
a ' ' | ned
oS iSHHENE Breclibg jn G2 e RE A By JEcredlELI
Aldtercasatind thiey | mcsaame ”ﬁwmadthi (Nl orf W2} effeash ofetire preodsfor ned

b r poves si nusoi dal e are
GorhEETSD g ot R et Sanprie G FRER col um
Ofappriokittatedy dabs freRdsUsRE afRYg. iR tvikRh iaPsroRiyha@ 00 Ves invhyslagd
anot her row aor colum, e.g., an adjacent row or

c @PRiiRRimately 0988 mehesned by projections. In different

eX6190| Ajacerd ph&imél omy o%r%ﬁf:lr@k% bR ¥ELRaPbOMES and
prOJectlons inclu .g., one groove followed by

oreprekin)aedy emly étmrtaorpnayrlﬁl spased giffagens distancdsaiphib\sirildsyo
a ¢l é}%@ve'stlry oid 31PNEE R PR, RY RS m&%mp;i@tt'h%étaﬂée )

grooves and projections are contenp at
C@mﬂzgalls(ateufme,d tgns pitcihZZorswgh égladtwmnsaujafcan erad38&s ornt 0 a

f
P ieioy mt s e iR a8 nERE GD HEhf st ghBginieb39
desdes, Rech Rbay eber@bdntappfxith@all 0 12S iwches ardl dpproEshtely 0.250
p[oxinate to edge 216 wthout intersecting edge 216.

| inGhat-i BRESPIIER 1Y | Rgease pr daFregte nengieieadly apey igrpagseand then

' 'Hé?r@bs%t Bhy d@fla8C it thdPin8dSe, &%}%ééﬁ?%lﬁﬁél?%@%%t NG
ﬁﬁge 216. 1n ot her exanpl es, arra features 320

dien.ghe disfgeqs 1al bﬁtwpqﬂmm@tga@mes e e¢tionprrddtetig @
ﬁ'oﬂ%&%‘iﬁ' & beedlﬂgentrﬂlzm U HsEhd B 6&walfadRSG dr8KMs or

respect
prOJectlons 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. [01591 As further described above, each of the
grooves or projections oriented in a first direction
may have a first wwdth W1, and each of the grooves or
projections oriented in a second direction nmay have a
second wdth W2. In sone exanples, first wdth W1
may be the s .second w dth while in other
ST B ey e R an%rgmsgteﬁf?% ApKBEY R TRl
WOt iAchEB.. Inl dthc@darhp16g) thel apHiarte neyakNEss shantoeindhed toh gRbter
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e%aﬁrma@:sb;: ap;lsrexidiasaﬂ)alhe earidk or roay I@Zdn(faiestdharedtéafalsametoﬁ as
It itch bet
oS by POREED, TR0 B 8RS F s
ankk pjetotis Mty Ghdredde 3r ddcf&mﬁonm&l1gsma>em|reasetaati \Ran

approximately 0.125 inches and approxinmately 0.250
i HEFELe, OFH‘éCfﬁ?SFé‘H Y NCHEse 8 §0BF cxppiesa e depth of the

”%‘P&Hv@@b@tﬁé hé{%ht%@)he'p%j&ﬁﬁﬁﬁoﬁé?&dtnh%'hrst‘?lﬁ’éétﬁ)ﬂsrﬁa y gegy
decrease and then increase, or nmay be approxi mately

c shieremitthanithe deptftiofithogroovdser diedrigheel thy prigisctignsreriented in a
a%&%g mregfogOY:E%?ddgfofnp{hQJd%%tB' Eﬁé gp ovgﬂirqﬁ %}RBIZ‘ h'er st
anc

direction may feren e dis
b etreyeaionadjiantaint oge dioacasn oray ckmmgje edthinggysl 332] whilettie depth

d di i on. h .
ST BB Ao B BB GHEPRAB 0 BB RabB30
Whirlde3 2D ey (b tapfrokimatel s &shetagt. di rection may be
HEr Xi rmtel co stant, [01611 The anplitude, e.

163 48 sopedhe mwga?zaax aclgdwawafofg*esawefeﬁwes
pn@at@agtdfema%ﬁefs%sténlfn@lmmamlgaéat&wofvoe%xéaﬁple FIG. 13D

prlﬁljlst?r(;}els gr? grrallynof er:altt?reg 32320 tﬁ%né{l?dreg a p?ur:allty of circular features 332.
Similarly, FIG. 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 approximtely 0.3 inches. [01621 Each of
t he grooves or projections in grid 322 may have one of
a varlet¥ ﬁ%wonal shapes |nclud|§g, faqr

S e e SR Y damesiies- 4P evpiber examlee it 462
t bRP@ZRbE@ ons. OAlt&rhatmgu kéthie 61 fostGres 892 @y be @&pressions while
illustrated in FIGS.- | B, 2A- 2D, 11 A-C, and 12A-D.
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' h
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B oM L ler s om ey TBRRLEOTRLGH VR R8P { he

gff&ﬁ)t@ﬁ330034(1 RS0 ey B fortd Qatoxin%ﬂéiio «@B€2 P8 withdut intersecting

projections, in grid 322 roxi mately the

s&fige 6. Amyarisws s*mné%emax Qfa%/ﬁws p¥a340.Ga8 msy beanot her
95:RREGaRly Ea‘ébrﬁ% !e@% 218 »\gfhbﬁit inkfsecti3@dgePtd) 1RlosePe
grooves or the height of the projections may I ncrease
orexaepiee asey efdpatngn 32hinhy be arpangthe mézEiswmeadistande@way from
d n n.so
RS dnl M S HAR G A st REDOREARRE i e BT Pi
t héAp liofhischarowes aoay efifeadres 63(31 3f4{).r§() selgre@:ésl snrfacnmzmbﬁo a
[ t han the depth of the es or

d h i ht
P B druny Dbl o e coRceat Sl s Hyrdsma Parom |
adldtlitlrfgl'track Reovit RAd 1rﬂfedtrl§%r@k9ﬁlﬁﬂ}r&x/mg @ &He@dtadf to an

|

the projections oriented in one direction may change
wittlaFeht gpmein322, while the depth of grooves or the

h%ﬂi’a A‘gfsh&n?mml@BegD QGE afl§ 'I?PQttl?éjplhﬁh@' (rcf?@a‘?tﬂgs 332 form

direction wthin grid 322 may be approxi mately
c eiféarem pattqrisl@gximiate tg @d&e Zélﬁawthoetsmteasesmg‘ clge 2htmyThe

g?l‘rfllasygtg? gé}begrgstra%){ sf?%)le 5§fé£tﬁ{e§ 3]3?%%%%%1 S>r(a ;;lgsr_.gnda oth&"

cont1 nuous
eparngrheandshipes ])BEaturdsBG% areaioe$miamirb\aye oiscloaad. ulmes

33Q.,t.hat incl udes a ur.a C|r Iar

33900 oy PORSutemay siodeltySplitsad Yefires £3, HgeRen
f eRdpdk, @8 caiPinitivatofishapesides a plurality of hexagona
features 342, and FIG_ 13F illustrates an array

t d0Re31 ds dassberatiove.eash Qideags BiAmaY havp agfiaragienc %t“f‘étalw

f gRLhESaRpies, th@ di\éﬁ]"eteP BSw RIS WP G8atuR864L Bk 2; ﬁluleage or
hexagonal , and i ptical feature 332, :

( @em@étmcmeloylcaﬂbathulp ésothgexpmpigs:, tb@dlaraetde@r\endm Wrof

3 F6fores}Ehina PRl RO uRH UL AER e 5P Becr B PLRYFE! a3 TRe

extends ou surface
C cldmatextor adth W degack oEfeatnses 322 nay b ebeuweemspprdmmately 0.005

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 essi ons a rojections including, .e.q. ne .of
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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
may be between approximately 0.1 inches and
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i near features 302 screte eatur s (e.g.,

_cuasm,lg abet\w@atappwsmm@y 01989 ercheseamd dpprokinipedy 88p&mehesl v,

! I’10170] 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 Ilinear features 362
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approx1mately 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 FIG. 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
0.125 .inc e ancg aglﬁ: oximately 0.250 jn egea é E
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' %A}%a@%%l&&%%h@@%oﬁ l\»{th% Jr&@ &f E’e%ﬁﬁés 360, while the depth or

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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101741 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
di stance D1 (aI so referred to as pitch) bet ween
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aratthgugbfin frezixampls 08B0;. 14A] featuteh 0deiplubtraned as a contmuous
linear feature. In some examples, blade tip 214 may include a plurality of features
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-l 1 C and 13A-
13G are generally illustrated as being arranged

lel t 6, of bl t] 214,
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priegatedtprgimets deeXkoewithoupintergsrting2l 6s dysiatheF 161S. b AdiédB.

t ichl?ﬂeﬁ’ture 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

0 ingle.feature 370 oriented substantjally .
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s Fighedt e o s e eB e Aty f st BB aG
s ITap esat@ts heabdfotfeBH? f@leRamiBle Sdhy meosBERiRS  phafddthokhaghy,
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magpehBaiiung (- dater Bioauingh elepfrechejcabmerdifing. elegqier

f r i i in vi ni i ni
Qicharge ﬁ’nfacﬂ;ﬁﬂé,% %1%{1%31% léﬁgéepngg{ i 8RMe &k Ni Mum
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features 374 aré arranged in an array that even

sptahent. Faatyres @3ethpicare defangd 3$demeqsi99s1ntﬂir:§@ibsqbistpatgglﬂ may

! %%%m?é(arf)? c%erfn%%toptro%? ofdiffoitEbstrate 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
extends out of the surface of blade tip 214. Each
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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. Uncovered

areas of airfoil 2.are n _expo 0
cREaReSr gt ramine LS ] B e BEe iy FREBrSAREREVQES: ons
t elebopimEPst thalildd. Hilt doalikd Rl érai3@ ndagdbe fBiynedGO BHiaEess
features 236 that are defined as prol| ectigns extendi ng

otigtWgen appramptelyd) iy inches ankapprmigmely 0}59archsy including,
CQyehiREeRhfASxiMhateR 6.6 ihcrRYBRd %1%‘}&11%%1 td o iAdHes. In
target |ocations for features . Uncovered areas of
aWrﬁ@i:xanmﬁssﬁlrsa@cet@glztyar2é4mme/rdeﬁse eﬂwd«gess beovegheni cal

e around
AN R PR PSR ST
Cdindd icoeatinig daysr 234 nd@pslﬁysmnmnms remdducp mq gombﬁm sf aieyil bebstrate

por trse o b o PR ka8 5 S g st 2 0y

defibsaRtiggprepodicibe g»mlndmy@f giefol] @Ustrate@B8 4ithb it lje@‘fa&llicmg
machi ni n a source of electromagneti cfe?e@? such_ as
1Bts

areatres 238 In thesegxamples, anadditigna) RRioa s ing dayer 234

nfS e E@Bh% RillsaBsraff232 vavelMn
absgr begl%j ai r]r0| ° su%lst raté(,e\@232 %’tﬁgbs% Eﬁdnégﬁfd by

t Heatyyed %@rubsm@am fqamr@r&%ttbus:lau@@g sprdacei2d B of @ffodusmbfstraue
SUBS] Al 2Sskldn %%@EP 4 Re85€rgy to vaporize.
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s [@kS8} atfier RBBatanofest ws@thgtlayev aAPph risee@nd adatingildyer 242 may

> BP RN 5p T8 eiting et QLMD SRR ot BRE 2L BRKAF ca

r gerested baatd opthetehdRhnithtas cdd@itioat B Wlyich £1efbllemwadeasz avill
pressuri éed stream of wat er, an abrasive, . water

cAPFIeRgd-dR VAU SKyBPleh May ifchsle apjpxtdatien-tegistanicgoating. yAs

hegdribed ARVe M Ridafion fesis@HRhiiR fa f%@lueé alufitRYE which may
material fromairfoil substrate 2 ternatlvely

|0r ey Inot ke medified by greoor mppe elemprs.t Inging wxdnonlerechlatinuim-
hide d%&@ron CG%&]@LH?% £ 3%y &shﬁ“) c&ﬁﬁqon Fegrstaﬂt §o$aﬂﬁ‘$ age%ond

I'ning step g to one exanp
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i nverse f eat

it B eSirieed Rt b SRR R el

ceasid t:blz&mg lzﬂ;&t 243 rahy ﬂl@iﬁlse iator acnmnﬁeﬁ)db@ﬁfsﬁ&c%ua@ Byerens4loe
thls manner, ures 236 can

poured jnto.th
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airfoi| substrate 232 first coating |ayer

23413%5%1%}/ 888 gichesd /’eﬁrfvlw Wquqatl%ngsqrrZéﬂéem coating layer
| ngh %g%gbﬁ%g\a/lé}a{e?ﬂ)\éugg thg gt ! ngr‘;%f firf ¢ éaé%@ﬁg};ﬁ?% including

descr Irst co | '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
al um na, chrom a, chroniun1carbide and conbi nati ons
thereof. In diff rent exa first coatjng |ayer
zéﬂ&rlwag'/esa%aya% usediodBPIV R <P @ﬂsﬂﬂaﬁtwéﬁ at Plﬁlgle speting o s
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2 Bthdesy 21$mﬂiszgtd1ﬁérbm lmfapm(sdlftfeltdrhﬂegmom gdge 016 to reduce

rfoil substr wi t hout roduci ng eat ures
Sobe e fthSleh o e oA RGN CaBterebiowrRor o5
C Qedck @Q)Mﬁlyﬁfang%‘@ent r@ft/a 1hau§m§ [.4. eskperiimaitalfdatal or modeling
substrate 232, e. fill depressions defined by
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substantial l'y uniform surface 238. 88] After
f of ad¢ Bp2b% first coating |ayer 234 a second coatlng
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substrate 2 will o in various ex | es,
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the first and second locations may be dlfferently 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 mately 0.001 inches to approxi mately
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secon arrays O ures
s u:la&npla;tbe lvaataoh dirgragdy 0%kl fsitnes 38sand 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. 1 IA-C, but it
will be understood the arrays of features may be

uti)ized on di ent tions of bl ad 0 or even
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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

mti n t econd | ocation 506 of airf strate
At Gty 2B 555 B ot arorIning 05t SRS R e
d hﬁtﬁ@h@ﬂbmardeaw w@hsifi@at M’fat@ 2raibhhei®fcond A€AtI30NS
relative to an }@ can affect the subsequent

p&MP8} AiheughdilGr HB illygrratesanbathe pijch %frf%%;rﬁﬁ%}{eﬁtangw th

I Q3R CtkankBiohd] %rrg)e%‘ff Hrp&ger@xﬁqgleg 'aglz%]-ée e, ‘HElghteaIagHBJ)@Of
the | ocation first array 5 ures

s &gimes 2H0rmeay @emgedfom being simaler @:feat@rns aii(r Wishiin fwbmay a1%e
2

o p e A e DR S e B 0P SPE R oo or
pafcfrmhmmsm‘s dffendlee2X36, e.pgRnyize, sppeydepohéighter girhemay

geper at | tgn tand oper atlgé% efficiency of gas turbine
efGANgE W8 TR AT ¢ ray 500 of features 236 and
S @199 FHGE.M8Y ifira@t af RASUB@SETS2 Ifudimya RRt aFdy95008 SO
features 236 do not_intersect edge 216. In sone

eXepfpres0. 1 fifssarrdyoros: fegiyres 326 awaprgsgdwﬁ%r feaurst PoAIride,
aRebsher @92 ffdrfn%& afd ﬁ@moégfam%@@l 0B BiFB1 dubsttate 2¥2 SO ariBRY
be arran a mni mum di stance away from edge 216
| sEINRIEn near éagyires maninplyde Ume@t gieoees3lipatproteciigsdond t h

f
= éﬂgil% &;naorf': iln [%}Ct g% an]1 g]tept%ﬁ?(t;brs r%%?ch%(l?v;letggegﬁécfﬁ]to
slﬁi{ﬁs 13|Anansldr38 mﬁ"nqbbldstrae §321§jlscemah1dwa &£00hdoarray 344 ohly
cl ude attern of eat u udi nore than

ong il BRteGH ¥ siiond [P Re Gaproi Ghstit . e
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f @ab-.ulegsingearcayari§arcledes spagingbetwage aélpqaeayfeamoesd% 5@4
FQhan gg(ﬂfmlbgmgtsnﬁlﬁ b §pall t‘lg fo&%&( ﬁ‘aﬁtu?e%@B»W ﬁrst arrayI 550 to
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arné feaamésezmlnaﬁgdaﬁayssﬁ)lm tHe patierayf RAira 6 e sebal ﬂfafya.)yM
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€s a secon
coating 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
spacing of features 236 in second array 530. [01971
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forned at a first |ocation 552 of airfoil substrate

232F1G.A3%ari ous exanples, linear features may include
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formed ip. a transjtional regi on 558 of ajrfoil

s Ulspgoapedeprssions 136p, hexpeppalameyertinas &iRds cHiptigyl depressions

SP36H, Bt RHRLHroRYIIGESRbs £r8 MdWiER FIG3fD My a€4P&Emple
array 554 1ncludes a second spaci ng between adj acen

f @4pig eagmbination of feghisest lopdditienaglitemeh thepitalberwegreadiasgnt
b%%@@Z%ﬁ‘lﬁﬁ Blst fclﬁ%t 55058 sovéh a{s%ﬁ]g 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
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I oeilltte appBED toahesesaf sloitldn thseastt i on 566, and  hence fir st
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dithatamwegapludaégy:oﬁ badrmﬂﬁhfquascp'edurface 238 of blade tip 214.
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 h1 and a width wl. First feature 236t is arranged proximate
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to FIG 13A [0202] First array 560 includes hexagona
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described with respect to

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. [0206] 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
features includes discrete features (e.g., circular
features 332 .of FIG K6 13D). Further, a first and/or
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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

65



conpared to exanples in which the surface of a bl ade
tipis substantially planar. [0209] FIG 18 is a flow
di agram of an exenplary technique for form ng an
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first location of a substrate and a second array of
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coating. Alternative compositions for first coating layer 234 are possible, as will
be appreciated by those of skill in the art.
[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 nay be forned in a second | ocation

506 of airfoil sub 602) roce m | ar
¢ Brestits abiny T pPRL Ridh loeky SRb el afdes RugH

f Gfeﬂfropﬁzﬁ%@l’k? thd lilay F51Qtécoahﬂg &QFI?MWYHJle&Bmeﬁ&@l@ﬂﬂclafeﬁhsay
504 ma e for subst anti a swrutaneousyvvlt
BF%‘F%?H%?)“%‘GYQ?P Idpthes 2 xggately e dnehies igludmga

My, kg@mfe@ﬁ Eﬁ?ﬁoﬂfntaél'y 3.0655thcls raﬁ‘d/a &lmﬂew GiondcHed pne

exanpl e, proj ections (incl &ln first array

swam@&soﬁ@t %s}atlag/lascf42)34amae/ deﬁrlm igknessibetvesien
f@
UL BT AL UGB DTRIAD, Bl lpanpls
s ﬁm ndatmg naypr 5})141)1ay subatiantizdiylrepodhse ithet goﬁ)ﬁﬂy of LXdiBubstrate
R s e

t hiﬂistaatlﬁlf}()rlebroﬂu&&hdf 2o eAI D Nrfohl s&met‘el BB@ﬂthodmplﬁGucmg
use. The predicted stress npy on

eXGFEIETEIRt AP thesk %an@&éwna@dlﬂeawoewWééf%aoaamsﬂ%@r e

0fma§ bRisipgIRE oft UREAINsAbRrattIOr ¢ 81 1 filPdeppBidhd dPied By
those which airfoil substrate 232 will experience. In

s dersuresBopIr bgtweem Eapyresdi36: bas kvelmgsudgedgy opairfed gebstrate
g%§§ 8E‘at§9919ofsﬁmeﬁ§un§§ohﬁ§§rf ?'2%&" ations, e.g., based

eria operties of airfoil substrate 232
aneR18ha fier fqnmatezorxxtfeﬁrﬂmgatir@yleyes 234[ @2¢ebhd Asatihgdayrer Retimay

R B e G T Bt p e

I gslp&ed based,\.g. Bﬂ&h@a{vﬁreﬁﬂﬂsmﬁll&)bn&lﬁoﬂ;eif] iwhidth difoil Qubstha@es2
Si Z? dept h hei %?% | tch r oss- sectl onal profile
ofVitl RReTRE 2ndh iR ¥arkoyg ex e-‘sBﬁ‘é p @¥idation- VSlé'ﬁét Qpting.

t DaSRs& bR a6dve! dnSdxiidatio i RistaR PG En O BlayYaR MidE lalufdini@é, Wich
500 and second arrg%b504 while in other exanples, two

o maygr @ayfot brewedifipd by enceriners glsmealy. Bhensgaamplevieen
h
g’ia?ﬁﬁﬁreﬁl?r?{mﬁg%é@&%éﬁ%ﬁ nﬁ%rg%ﬁ@ﬁfseég an 0)&%4)? Jreﬁténlf' ou g

exanpl es 1 techni que
meepatingp tSecoma| dogtingrigyan 42 fmay e ﬁgmad vsiaga variegnal tedmicalys

(e.g., transitiagnal arra f

S dideding 5L 304 EQU R R o BTeapl Brdy B
arsoay exanyples, mbnldia)aang) aiyéxemz iyl diffuderigg ah Mnmsfnfgrﬁmn
being simlar to the patte in fir rra 500
pr°89<t?q¥d?3§rtzg4 pr gnggn sr.lwa%a' SIE l?feraﬁse?f*% T oRfe cxpmplgs, second
S Qe 1@¥er 2¥2 RA¢ deXid thRkfest that ﬁﬁ%@rffimawpmlé%}y oléa
transitional array may be forned of the

prisdhies weapproyiaaiely §.008 inghes. rAt wish ﬁeﬁycc@@og ke x4, sgeenshd
ar 59t¥ngqudér 211@ m§9 g@os%ﬂmj @ﬁrodﬁ&qhe 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
array ggéjggg, optionally, the transitional array
have b med in airfoil substrate 232, a first
coating laver 234 (FIG 11) may be fornmed on airfoi
sybst r ahQirfsifooniprigingdi ng features 236 in first array
500 and @ second array 504 (604). As described above,
first ednthahgefinggared®4 may be a blade tip coating.
In so i ' . [ e
an al 1 oy 0 Efwred kg GERUIAGE LAKETp ekt ) 4F
c deatumeTis pExihdte o thetdge ald. th¢ array ofdedtetydas neiarpdeetsthe a
ceaanic-netallic mat eri al nay be nodified by inclusion
of 9%n&%r nore nodifying el ements, such as al umina,
chr om acodtig tavietiforiad bi the surdiavd of hehipraat it isral; RE Fefires.
In different exanples, first coating |ayer 234 nay be
an oxi dation-resistant coating, such as an alum nide
coat i Nghé MisfoH 8 Bidim €, hereift tHel aftlal BBk oMbFSes an array of at
di ffusion coating. Alternative conpositions for fiTst
c deest avg of Liyesr gmonesy Heeap proidcHpns, sipgsoydal grooyss, sinusoidal
appeci faski kNt he - . ELrst
ORIREISRL Sttt Je ST bl proffdubitCeMploiga U dehiohe.
2 3liphyidalfpovjections mpkagonal depramions,mr Ayxaggnal @odjertigoe, such
as air plasma spraying (APS), low 66 pressure plasma
sprayi ng (LPPS), high velocity oxy-fuel spraying
I( HBVCOF) The eilrbdtog elpicnaiz,i \ﬂl@l;,reiﬁ)thetdﬁﬁy lo'lf< kﬁtureﬁiifb formed atlea’3gs0
ayer 234 mm rmed to a thickness et ween
aﬁéﬁ@%@ﬁé?@}%eﬁ$ﬁﬁ%ﬁPﬂgW@£eHHd approxi mat el y 0.050
i nches including, e.g., between approximtely 0.005
i nches _and_approxi mately 0.040 inches. In sone
extanp| d§¢ airforof clai g, wiFreinfherarrag of featpresepmpeises a first
t I'féé%llﬁ'g GrPa BM@%Qturé?QM ﬁﬁérgﬁtﬂ% fYrspfthian: deﬁft&eﬁ le%%\.done of a
approximately 0.020 I nches. In sone exanpl es, I rst
c dastidapthloag &rst hgightnand theibesprdhfeptald defineqat dedsfcmetolie second
ge t i rf Of| strate 2. k.Rel udi ng. . f eat ure
SR itesls A Chisy A fona e P S PR e
substantially reproduce the geonetry of airfoi
sybstrate 2 i t hoyt reproduci n features .236._1n
Rese. aRERBRBSTCli duhe P A SR R ICOMPFSE 2l | ng
| yfiire d8dta sd¥BNd Ratusd) B WRsteidRhMidsf RhtureSdénty A8t d22and
to fill depressions defined by features 236 or

€. t . . "
beb&weeond featuigdsEnsaeecqnd size diffesent thendhg firsedzep 38 of
airfoil substrate 232 to create a substantially

uni form surface 238. [02181 After formation of first
cdat i ng'he aiyfenl of8laim 3. wharein thecory iof épatuagserompaiges pefyrst

feature and a second feature, and wherein the first feature defines a first shape and

the second feature defines a second shape different than the first shape.

7. The airfoil of claim 2, wherein the array of features comprises a first

feature, a second feature, a third feature, and a fourth feature, and wherein a first
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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 dation-resistant coating. As described

above, an oxidatjon resistant atin i ncl ude
aPligh Hityeen tﬁﬁﬁ&?h*eaww@ﬁﬁmowﬁf?a% Igierms abg Sesoad or
Mpliéh RIrREBRNhSthirt Tedite afX REFOGth Batul at i num al umi ni de
di ffusion coating may be used as an
oxi dati on-resistant coating. Second coating |ayer 242
be . . i ety .
| R o o Ch R ot o one o
f icermtet wotinlmy a MGk X8y, where ¥bivselextehfibmshe greupehsisting
C%?{:é’l’t%’ AT céﬁﬁinms q{efrefogsa% od {s%el%aeéj ﬁgerd] L first
coati’'ng’l ayer or an underlying aifrrort 's BSth at e
232nsisting 8O WEH &XCanpi, &3, and ecabidlati@n alidrend. | ayer 242 may
define a thickness that ranges from approximtely
0.001 inches to approximately 0.005 inches. As with
fior st gp@iifod of AxRK 8 Adbreif B:QGkinCIaWr idBBndsANRiEkR4? By
substantially reproduce the geonetry of first coating
| Rgt@yeen spproximaelyuldh migs andraperoxinaigly 2P gtils inches.and
features 236. Alternatively, second coating |ayer 242
may substantially reproduce the geonetry of airfoi
suBst r dheaipfefl ofpldinn?, wiidreis thecoatingnlgydr algiemes 231 stwoatingut
r . ] I
oo AHE PRe GRS o Selbpd oy (P bh T L ORIER HE
t kecond opringflayeheonipisingwit egstohabfiplatifim GlLaivaide. 1. An
airfoil conprising: a tip that defines an edge; an
array of features fornmed on a surface of the tip,
wher ei Antagoibgondyrisie: features is proximte to the

edge, and the array of features does not intersect the
edge; Aah8 that defines Ajed%yer fornmed on the surface of the

tip ang rfrdiGrrdy b8 atlies FGREHOR S surface DR the@iplat Qiflrst AcaGddl M

1, wherein the array of features conprises an array of
atwhereimtie fioyi @rraf camprisay a frsbpatesn; | i near proj ecti ons,

si nusoi,dal,, gL RV &5 atgaeg R348 the%[uqiéﬁ%lcoltflggéglﬁy daetll(e‘ilsgc%ﬂhar

depressions, circula roj ections,
ddmragers ivdresin thelsédopd airgladonprsgecec amispattaxdafferadtlthan the

o T PRTSSREOy RIS B0 oeyRAr LRI,
| ereds ahdthetdond dowanor i pradidiel 1©@ggeridedd NdoryletdIOf dtiels
different than the first level of stress; and
a coating layer on the tip, the first array of features, and the second array of
features,
wherein the first array of features and the second array of features do not

intersect the edge.

12. The airfoil of claim 11, wherein the first array of features comprises an
array of at least one of linear grooves, linear projections, sinusoidal grooves,

sinusoidal projections, circular depressions, circular projections, ellipsoidal
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4. The airfoil of claim?2, wherein the array of
features conprises a first feature and a second
feature, and wherein the first feature defines at

| east one of a first depth or a first height, and the
second feature defines at |east one of a second depth
di.fferent han the first th or a secon% hei ght
dfeATeiont ol papidelpEoipstiost: hﬁé)g@ml eprsssiopePrdiexaggntl of
ChjjdRtidns. Wherein the array of features conprises a
flrst feature and a second feature, and wherein the
first feature defines a first size and the second

{ #21 ur el SPeifind PL Wit &€ 1 tfdﬁmrg?r §kath3nd A€ sLdoh3"
si ze. e a|r claim erein the array o

f emwfefsatnmrpnelfewdait fqaﬂsat) mifseatay fomihd cdgestetioediby the tip.
feature, and wherein the first feature defines a first
shape and the second feature defines a second shape
dit4f er €md aittbAnf tibien f1 Wﬂferesrhmbeirst PatteFHh €orAprise Ot le¥f one of a

cl.aim 2, rein th atures_conpri_ses. a

£ s et oG et 8 B bt BtV e Rl Tt

a fit@phébdheddnUthefeafd, WER:el Mape JfithSfeatuRS, Mt Rrein the

between the first feature and the second feature is

dpgepad patern epamprises desnonesif e serope domsle af thp &eapuips different

f %B 't'lﬁeeﬁ@ﬂﬂ:pwkﬁtlﬁ@féﬁﬁlﬁsfaeﬁE&Hdene ﬁt of € fé%iJrésodl%ferg{nt than the

claim 2, wherein the coating |layer conprises at st

offiest béight of, G@r featuiressert seedral sizgrof dlel\fﬁatmes(ddfetqnythamm&estwize

[ I ORnSs| i,

DL SEEHES p LT b U FERSLRY Dralinal s Bl

gbettwpen the isatigts, 0ga edcord shdpe G@the Eeaturdidifferast than the first shape
Qatlons thereof. 9. The airfoil of claimS8,
EilYf™'"i coating | ayer defines a thickness between

apprOX|nater 10 m s and approximately 20 mls '

inches, 10. The ajrfoil of claim2, wherein the

coat i nght aijfe ofigleink bl whersin %flrSé faturpy the Bipbarrayz{deatures
f UEfiCat CTBRE Sf PErsPdeBEAATir SR qnb Q¥&on® ReatEinfthd fifst

coating layer, the second coating |ayer conprising at
| erax ofoigatursh dpﬁrms iahlgast one efl aneroniddiepthdifferspt thanrthofitst depth

S?PFEéc%hJ‘Qel d‘ii*fe‘? dﬁt'?t?a‘iq tﬂ'eeﬁ#s }?&gﬁ” edge; a first array

gatur es’ sur of the tip at a first
| ocati on, mhereln the first array conprises a first

b1 ac B frBRETERisT AL hein o i Molie AT Ao e

S deitd adir§td)ze CAARI SR featseGOMhe fipatatrey of [Mathfee defies than
the first pattern, wherein the first |location is

pF%@P@F%ﬂdﬁ'r%&g@?ﬂ@ﬁggsgfflrst | evel of stress and
the second location is predicted to experience a

second | evel of stress
17. The airfoil of claim 11, wherein a first feature in the first array of features

defines a first shape, and a second feature in the first array of features defines a

second shape different than the first shape.

18. The airfoil of claim 11, wherein the first array of features comprises a first

feature, a second feature, a third feature, and a fourth feature, and wherein a first
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different than the first |level of stress; and a
coating layer on the tip, the first array of features,
and the second array of features, wherein the first
array of features and the second array of features do
not intersect the edge. 12. The airfoil of claim11,
wherei n the array of fe res .c ri ses
PRl bebpecdiing BistleaBirmien serest Cghisdy Sareran g p econd
PHREESWEMShe third Y&@ird ahd GE FQM-@Sfeatuzl NUSOI dal
projections, circular depressions, circular
projections, ellipsoidal 69 depressions, ellipsoida
prLej ec I ,
o) et [ ongoi DEURHPTE HRAS e ShARBIE RARENTIas opeof
f ircenmet mateyialodr afhéﬁt@%tslloanwh@rhé’l eecl@ﬁdd framrtlag/gmﬁp
f 0
eggrteslfg't ofaf:‘ 4 ({) Nn%gd ?gmlg Sﬁ ﬁ"f:ﬁ é)f é]incri ?{\A@¥ele teJ?r%m?nhel 1,
V\Agearueicnnstnshmgfolf rYstt(aet Lersi, mmpmbBﬁSoratthdraﬁfst one of a
first depth of the features, a first height of the
features, a first size of the features, a first pitch
bebween thétkod @miptising; or a first shape of the
features, and wherein the second pattern conprises at
| east EHBingranpray o fraturs g trsurfaee ¢f@arifaikthaf defingsent
t , ht
o e T b R e B e, SRR
t Heatyredagh aet inlgrsee dlariigsiand of the features different
than t e L tch
bet vveeﬁo(?tnhdé f&oaﬁt&é ﬁgero? ! tt“gﬁ% nlt?ﬁ%%gndsql ha™ | (?fgngm%? ch
bet ween the features, or a second shape of the

f tur fer |rst

SR U 58 b bt AR5 i e RS, Bnb i gmere
f gerrinethe Arrhyef featieb paxindte &f thé eglelr es  def i nes at

| east one of a first depth or a first height, and a
second feature in the first array of features defines

abl eaghe RRAOALE AaREELWheASPIHR aﬂg)t befsites E&ﬁﬂnsteg &n 1 array

first depth or a second hei g fferent than t
f iof gt leaseprgraf lingg gragyes, étnparrcwcmeqsfont; Isiuppidal graghes: elunhsoadal

f 'p? LctloﬁétcHEtﬁatj &Btegﬁorrs' Girt g\a?glto ct181fts Eﬂ}?%o%aﬁ %epr & on'éleS

I'rst Size, a seton art’ay
ofelifpsaitiairpeged®hs, hesaganal sleprossibns czrénexhgbﬁﬂrpamcttohan t he
first size. 17. The airfoil of claim1ll, wherein a
first feature in the first array of features defines

a 2Bi r stThe heped odtidine 2B eherh foemingrtRe arfayldT€edtireSéondrisey
of features de;%nes a. second shape different than the
f If?@%m%}hﬁﬁgay of features with the features arranged at least 50 mils away from

the edge defined by the tip.

24.  The method of claim 22, wherein the array of features comprises a first
feature and a second feature, and wherein the first feature defines at least one of a
first depth or a first height, and the second feature defines at least one of a second

depth different than the first depth or a second height different than the first height.

71



18. The airfoil of claim1l, wherein the first array
of features conprises a first feature, a second
feature, a third feature, and a fourth feature, and
wherein a first 70 pitch between the first feature
and the second feature is different than a second

pLtch hetween the .thjrd feature an e fourth

Pobe o e R0 pETam L ShergR BF S ot seoliine Fithirsgs,p rs

C @aturdghd PyeedndCfodtife] SRiSwiRdreih BRSArstBfuRidefifes@ETriBhape and
material or a MCrAl X all oy, where Mis selected from
t He sgrond featwre Aefingt a serond siape diffprengthan theffirstipbenat i ons
thereof, and X is selected fromthe group consisting
of Y, Hf, Ce, La, Si, and conbinations thereof. 20. A
meé-hodTeompthpd pheaimf 2l mihaginafierming alye asfay fo fatwressomprises:
tip Sugf [ Lt '

whor of R rsregif fRluresidithe 5 HrBEE e 0 FRAG g i

e tigetiom ndleteinathafirsayrraf confpeaté sy @rst ghites:; mat i nt er sect
the edge;.and formn coating, | ayer .on e tli

Surt ac g A Rearray obre PR tae B ShreShaREalkl
Chabhd Ratiohh @hé&rein thOsedbmpPartdy&ompfises aGkcdné phttdre different
conprises formng the array of features proxinmate to
t Hn dhfgfarst ppiternyherpithpHrsplocatiogiinpradictef fpereriencga first
afdv@YofQireds@Al HeQSc B TRALISER preliAEd B¥xp&iendd a §8GRI 1eRIBf
of linear grooves, linear projections, sinusoidal

g slarsy ddferant thas dhedst leyal of gieess.-ons, circul ar
depressions, circular projections, ellipsoidal
depressions, ellipsoidal projections, hexagonal

dépr esFhomsthod pf ¢eixaZfomdlerepr i dictt aomsof 2Bured bamprsehad

of claim 22, wherein form t he.array .of features
BBt PLALeaSoge OF ot migoks™ Lpap projestivty lvsideherphe™
g@?ﬁﬂﬁﬁﬁ gﬁﬁd’cﬁﬁgﬁdir@ﬂaﬂdep‘t‘é%sicﬁ@, dﬁﬁh?r ﬁl\wf 'lcicﬁrfspﬂlipstoitﬁl edge
ef i ne y.the tip.. 24. The nethod of claim 22,
wHERTEssiPnpfdlingpidal Prajectiqnschxagongldepiessiens. of hexpgopal

f oadisiien@nd a second feature, and wherein the first
feature defines at |least one of a first depth or a
first height, and the second feature defines at | east
0 of if n [

o s o T REREIr ARG ekl o biRDo L Pftulek ) R EROlY
2Brray befeatteh ot fofmerl ailqastZ®, mildhwyayi from the edgea dofined by the tip.
features conprises a first feature and a second
feature, and wherein the first feature defines a first
shape ahemethod of elaidne, fvaatein the diedtipB®sn aospisen ek 1Is3agme of

0L RSy Sl RRRy 200 T AELROS R e,

C QIR&tI pHeR between the features, or a first shape of the features, and wherein the
second pattern comprises at least one of a second depth of the features different
than the first depth of the features, a second height of the features different than the
first height of the features, a second size of the features different than the first size
of the features, a second pitch between the features different than the first pitch
between the features, or a second shape of the features different than the first shape

of the features.
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formng a first array of features on the tip surface

of the airfoil at a first |ocation, wherein the first
array conprises a first pattern; and form ng a second
array of features on the tip surface of the airfoil at
a second | ocati on, mherein the second array conprises

eco han th first pattern
Brei EE‘E Y PE?'a‘Fb Cgtein e © pratige ysacctna)rgﬁwf?aém of
afcbr’irﬁﬂ:tt malte@MBdr NICEA INEARy 2RRert MEisSBIEaBd rbAGRE §@0p | S

predicted to experience a second | evel of stress
dicprséstiaa of Fh &, g’h@nqi Forskinatiops fhegrof.and &sig selocted fro the
”gmg%ﬁ’sfist&%g'f P A8 caMgrs) Jhdtctl@bfnhﬁﬁs REgy of
features conprises an array of at [east one of |inear
grooves, Iinear projections, sinusoidal grooves,

;Ir gjuzgll"ﬁ% rr?ée JloFClEuImo awh%}engtlﬁf: égzg%e nar %rsczcrrﬁ?rfc'sés a(l: grs?coa%ng
pﬂ@kﬁahdﬁm&cr&ﬁMﬂgmgéhmdﬁpﬁﬁ&smbﬂﬁnn@kwhﬁXﬂgeﬂﬁkamnng
IJ ectlonsd l rein thg
f i14Eh i Pegp &Patrfa%dflws%marﬁ%n& ﬁéeaéb‘%!’&r? p aHP?'HW piuminide

features are fornmed at least 50 mls away fromthe
edge defined by the tip. 29. The nethod of claim 26,
wherein the first pattern conprises at |east one of a
first depth of the features, a first height of the
features, a first size of the features, a first pitch
between the features, or a first shape of the
features, and wherein the second pattern conprises at
| east one of a second depth of the features different
than the first depth of the features, a second hei ght
of the features different than the first height of
the features, a second size of the features different
than the first size of the features, a second pitch
between the features different than the first pitch
between the features, or a second shape of the
features different than the first shape of the
features. 72 30. The nmethod of claim21, wherein the
coating |layer conprises at |east one of a cernet
material or a MCrAl X alloy, where Mis selected from
the group consisting of Fe, Co, N, and conbinations
thereof, and X is selected fromthe group consisting
of Y, HE, Ce, La, Si, and conbinations thereof. 31.
The met hod of claim 30, wherein the coating |ayer
conprises a first coating |ayer, and further
conprising formng a second coating |layer on the first
coating layer, the second coating |ayer conprising at
| east one of platinumor alumnide. 73



