SUBSTRATE FEATURES FOR MITIGATING STRESS [0001] This application claims the benefit of
U.S. Provisional Application No. 61/226,325, entitled, "SUBSTRATE FEATURES FOR MITIGATING
THERMAL STRESS ON AN ARTICLE COATED WITH A THERMAL BARRIER COATING," filed on
July 17, 2009, the entire content of which is incorporated herein by reference. TECHNICAL FIELD

[0002] The disclosure is dj %ﬁ%ﬁ)ﬁ\?@ itigafi [ %d by an article that
includes a coating layer. Bgrﬁ 4 {%) r%@%%n@%%ﬁé%ﬁé@ﬁ@% erature mechanical
systems, such as, for example, gas-turbine engines, must operate in severe environments. For

example, the combustor liners exposed to hot gases in commercial aeronautical engines typically

experience coatif¥f3lifaEsepohifseinmgtass thpbaenitl. 5D tisiahdub 1B EN0004] Typical
components of gighatempesatiiig meehanieal systemsingiedeck Nipriea-Paggd superalloy substrate.

The substrate can be coated with a thermal barrier coating (TBC) to reduce surface temperatures. The
thermal barrier ddatnY My ifcite R Mt frsBIRA &P aMi b cBaERMd ay be bonded to the
substrate by an BAg&IYRTOLENGbofmdCeatuly 17, 2009, the entire content of which is

incorporated herein by reference.

TECHNICAL FIELD
[0002] The disclosure is directed to techniques for mitigating stress experienced by

an article that includes a coating layer.

BACKGROUND

[0003] The components of high-temperature mechanical systems, such as, for
example, gas-turbine engines, must operate in severe environments. For example,
the combustor liners exposed to hot gases in commercial aeronautical engines
typically experience coating surface temperatures of up to about 1150°C to about
1400°C.

[0004] Typical components of high-temperature mechanical systems include a Ni
or Co-based superalloy substrate. The substrate can be coated with a thermal
barrier coating (TBC) to reduce surface temperatures. The thermal barrier coating
may include a thermally insulative ceramic topcoat, and may be bonded to the
substrate by an underlying metallic bond coat.

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

due to thermal gradients.



[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 IBC having different coefficients of thermal expansion, or the
substrate/bond coat and '[BC experiencing diﬁgé%\tiﬁgi{@ratures due to thermal gradients.
SUMMARY [0006] In general, the disclosure is directed 1o techniques for mitigating stress experienced

by an article thatyj | I, in some ex les, the article.is a.blade airfoil that includes
a[bﬂb%lgggge_l_ei%gﬁqggégx%sure %S @rec%c?@@ecgm ues 10r mit %1 q

a tip that defines an e article may be coated with a one or more lggaﬂﬁé {g§/sers to protect the
airfoil from enviesnphientatdontlitishieleipé iwhoetd byariengildpiirddringnoperatiples Diferent forces acting

on the airfoil dugipg eperafion Maw Naye AIRRICHEY, mrmgé%eéaganﬁ%@tab@évg%m@ underlying

airfoil substrate and the one or more coating layers. In some examples, forces may concentrate at an
edge of the airf6R2EAIEIRPAGRERGRIRRNA BE Arcat theelge B fiE ol fsimsiy srepsgite away from

the edge. Over timeitihe differant-tareeshacting pauthe; Aiptlk Iy e ae e graek fmatian and growth in
the one or more, coating layers, thereby promoting &lamination between the airfoil and the one or more
bt PR AR i
ent iV

coating layers. T1ie e ST AR QRS BY A AU PO TRY R RG CraEK BroBSYhtion and

detachment of aheomattiiagtayerifforhsabstradeniying substraterd 008 Hd egameexamples, the article may
be coated with ﬁ'f@?l %&erng %ELFI%S&Ba%)atForee&(aem lﬁe a{gfgﬁti%lae Srlqlaycpekcol%t‘%%\{\gth a TIC that
ulati ygr. e ther insulative Tayer'i &'t

includes a thermally insulative la he maﬁ?yl tive layer’is bonde fhe substrate by a
metallic bond chaginfsdmedampiobinaing, arrsapagratariventr ooahapdztheOrerimedlytinsulative layer

may have differgntsogfiicientaahinermal £Bansion andJups Laderan Jifereptampuats of thermal

expansion and/or contraction when a temperature of the article changges. In addition, because the TBC

insulates the suB¥tE W ST End o eRy Mhaip Sisetrdrrdnatinerbeitiesn disratirds, which may
further affect thenetativacsmawitscobexpansion AndEcantission exraieRceshRyiBe substrate and
TBC. This may lead to mechanical stress at or above the bond coat/TBC interface, which over time
may lead to crag]%tf%?ﬁ{‘%%ﬁcgr%o PSR 'R eJeltﬁzg‘f“ﬁ% ARG h %%08?‘3?&18&?8%%‘% a sufficient
size, the TBC; mastetach from the substrate. This may leave an area of the substrate or bond coat
exposed to eleviigf [SMRHRWER SR MAY-RSNAINHY 3108 RHRSIRE.0N BANKL £08King

(TBC). For example, an article may be coated with a TBC that includes a

thermally insulative layer. The thermally insulative layer is bonded to the substrate

by a metallic bond coat. In some embodiments, the substrate/bond coat and the

thermally insulative layer may have different coefficients of thermal expansion and

thus undergo different amounts of thermal expansion and/or contraction when a

temperature of the article changes. In addition, because the TBC insulates the

substrate, the substrate and TBC may experience different temperatures, which

may further affect the relative amounts of expansion and/or contraction

experienced by the substrate and TBC. This may lead to mechanical stress at or

above the bond coat/TBC interface, which over time may lead to crack formation

and growth in the TBC. Eventually, when the crack grows to a sufficient size, the

TBC may detach from the substrate. This may leave an area of the substrate or

bond coat exposed to elevated temperatures that may be harmful to the substrate or

bond coat.



[0008] In one aspect, the disclosure is directed to an article including a substrate, at least one cooling
hole formed in the substrate, an array of features formed on a surface of the substrate, and a thermal
barrier coating formed on the substrate and the first array of features. The array of features may be
proximate to and substantially aligned with the at least one cooling hole. [0009] In another aspect, the
disclosure is directed to an article including a substrate and a first array of features on a surface of the

substrate at a fitdf [S8afioresRista A Es TRSHP b TSRS oM episke it iR RS 54 Mcludes a

second array of ieatwiesconl ifesisface af thensubbitale ahasecondiasationnldie,second array may
comprise a secondff%tg?rnedgfgggent thag gqﬁ firstl%attern. The fi{;t location magﬁté predicted to

be
experience a first level S HISeTRaT Sl A aeH RIS H SR NS B2 PretRisd 6 ¥ perience a
second level of thefirsilastapsy Gifferent Thanithe fif Stdovel ofahbemalxstiessto ke article further includes

a thermal barrieé&%?a@f?ﬁ]@%@&%?’{'dﬁ#ﬂ?é@ﬁ%&%&@% Jj)rl% array of features, and the second array of
| :

features. [00101 In a further aspect, the disclosure is direc ed o a method including forming an array
of features on al80fck srathenishete Badifstasing ia disataltbarristidodtislgdver the substrate and the

array of featuresuFhigarsay Phfeaingsomanheexinas.to,and suhstantialyaligned;yith at least one

cooling hole formed in the substrate. [0011] In an additional aspect, the disclosure is directed to a

method including Yo b A ¥iFeLarAPER teafiTbRIAE sLRE UF aluinsties arsaoprst location. The first

location may besselgcteddmasedomasfirsicredicteddevakal thexnal siressn anddhecfirt array of
features comprises a first pattern. The method alg%jnclu es f% ir;rgg seco%(?éatrja}/ of features on the
! ct8d

surface of the stbstrate at & Second 16catiBH The SeEahH PR IH TR B8 s &Rt based on a second

predicted level dbthepmualastheguedinttdie sgvuivd@radiroflfeetulfebecmniprisesaadereond pattern
Ciforent than ine.Sestnallarsy Fhe wesihar Lyibecingludes, uminaa ermel R eoaiing over the

substrate, the first array of features, and the second array of features. ﬁlr?1 another aspect, the

disclosure is diréEiserto handifolitahiavielh thesmeatipinerat dafineticknfetior mebhdes arfayoffeatures
formed on a su r&ﬁ@e@tmﬁﬁ?foﬂﬂ@d on the substrate, the first array of features, and the second

array of features.

[0010] In a further aspect, the disclosure is directed to a method including forming
an array of features on a surface of a substrate and forming a thermal barrier
coating over the substrate and the array of features. The array of features may be
proximate to and substantially aligned with at least one cooling hole formed in the
substrate.

[0011] In an additional aspect, the disclosure is directed to a method including
forming a first array of features on a surface of a substrate at a first location. The
first location may be selected based on a first predicted level of thermal stress, and
the first array of features comprises a first pattern. The method also includes
forming a second array of features on the surface of the substrate at a second
location. The second location may be selected based on a second predicted level of
thermal stress, and the second array of features comprises a second pattern
different than the first pattern. The method further includes forming a thermal
barrier coating over the substrate, the first array of features, and the second array of
features.

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

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



array of features is proximate to the edge, and the array of features does not intersect the edge. A
coating layer is formed 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 features formed on the
surface of the tip at a second location. The first array includes a first pattern and the second array
includes a seco%gaaa??e%jﬁtﬁfﬁselrse%ﬁofﬂg}?%@ ﬁi?gteﬁﬁﬁea}’?ﬁ ‘%ﬁé"f%t%@éﬁﬁﬁsig%%‘&%ted to experience a
first level of stresscasdttiie ségond toedtighigpieticied t exparnenes Asecand ievel ofistress different
than the first levgl. gyfe% I”g'she first array of features and the second array of features do not intersect
the edge. The airfoil includes a coating layer on the tip, the first array of features, and the second array
of features. [001491#] dnatiedicagprset; the distdosisre iditedtedtoaa fméthadibiatimcltiges forming an

array of featuresian & tiRsufags. of ﬁ&@éﬁgg that defines.an L8 ﬁﬂ%&@@}ggt cQ3ting;layer on the

tip surface and the array of features. According to the method, the array of es Is proximate to the

edge, and the alf59oniatlpescand &t wilsalurs ey oo 1sfse tériis af vsewdmore

examples are seécf@tﬁtfhjmmmpwmﬁq;mﬂg@&tmdaﬁaq@e%%%g(a_;}gefgy}g(%mrﬂl‘]eattljr_es,
objects, and advantages will be apparent from the description and drawings, and from the claims.
BRilEF DESCRIﬁf?@%?&ggf)g%%&%&@ﬁ%@%fﬁ@@ﬁA&ﬁoﬁﬁ Igratiap ispeedifiddp diagrams of an

exemplary gas texbinierengifiesicembustorelinend [0 ket dnGScRidn 2D ardi 6as5-sactiraat diagrams
llustrating exemplary,¢f AR HRIRL ARG L BRIMIESI ML INR SYRSHRIE, oy of
features and the second array of features do not intersect the edge. The airfoil
includes a coating layer on the tip, the first array of features, and the second array
of features.
[0014] In another aspect, the disclosure is directed to a method that includes
forming an array of features on a tip surface of an airfoil that defines an edge and
forming a coating layer on the tip surface and the array of features. According to
the method, the array of features is proximate to the edge, and the array of features
does not intersect the edge.
[0015] The details of one or more examples are set forth in the accompanying
drawings and the description below. Other features, objects, and advantages will

be apparent from the description and drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

[0016] FIGS. 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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[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 aligned with cooling holes formed in the substrate,
and a bond coat and thermal ?griﬁr coating formed on the substrate and the array of features. [0020]

ng fo,
FIG. 5 is a cros&€8&HoMA] HRgPAUFs 38%%&@8?5?%?&%@]8&3@@ f98rans Bsmat coating
comprising a firstail @ateofidithdronally inssiatyenkbyier fosmedfomadsubstrate including features

formed in a surf f ubstrate. [0021] FIG 6 is a cross-sectional diagram of an exemplary article
including a bon(@ g‘if’ﬁ ﬁ% ilt erma -é@(ﬁ}g%{ﬁ reémaorflcr%l% ?ﬁ(grrnrﬁcgalﬁ// ?r%ﬁ%%veufjal%racomprising a
plurality of substaatiallpareiticalatieckenapids mse costdkdermadiydtiseiatile tayeatije022FIGS. 7A-7D

are conceptual diagranys P REIPIAL.HASHAIER ISt A seeand ayigys of features are

formed in first and second locations of the substrate, respectively. [0023] FIG. 8 is a cross-sectional
diagram of an eXEMIER QuisstiiRs triseiiveridbecramaras rramedpwiaitisiidrehdiéngasband depths.

coat and a thermal barrier coating a first thermally insulative layer comprising a
plurality of substantially vertical cracks and a second thermally insulative layer.
[0022] FIGS. 7A~7D 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.

[0023] FIG. 8 is a cross-sectional diagram of an exemplary substrate that includes
features formed with different sizes and depths.

[0024] FIG. 9 is a flow diagram of an exemplary technique of forming an article
including a first array of features in a first location on a substrate and a second
array of features in a second location on the substrate.

[0025] FIGS. 10A—C are conceptual diagrams of an example blade airfoil
configured for use in a gas turbine engine.

[0026] FIGS. 11A~C are cross-sectional diagrams of example airfoil surfaces for
the example blade airfoil of FIGS. 10A-C.

[0027] FIGS. 12A~F are cross-sectional diagrams illustrating exemplary cross-
sectional shapes of features for the example airfoil surfaces of FIGS. 11A—C.
[0028] FIGS. 13A~13G are conceptual diagrams depicting example blade tip
surfaces on which example arrays of features are formed.

[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.



[0024] FIG. 9 is a flow diagram of an exemplary technique of forming an article including a first array of
features in a first location on a substrate and a second array of features in a second location on the
substrate. [0025] FIGS. 10A-C are conceptual diagrams of an example blade airfoil configured for use
in a gas turbine engine. [0026] FIGS. 11A-C are cross-sectional diagrams of example airfoil surfaces
for the example blade airfoil of FIGS. 10A-C. [0027] FIGS. 12A-F are cross-sectional diagrams
illustrating exemSfaid drSss-dtasrsshapes by gt el 1ortrenalearrhiaas foar sipfadss of FIGS.
11A-C. [0028] Fitaturds3Rrh3 b it comeepttiatdiagrasps depicting example blade tip surfaces on which

example arrays of features are foymed.. OOZQ]{IGS. 14A-14C are conceptual diagrams illustrating
example blade t%g tlt:fegxgl%rnlﬁlé g?%f/{é SFIBALFBRS 0] eI Y IOHBIERAGIRHF an example
technique of formingdarg arficleamejudiicpasslstrdite; kraivayohfeduras fadaeddmthe substrate, and

one or more coaling IveR,farmed A0 e URRHAIP AL e gray 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.

DETAILED DESCRIPTION

[0034] In general, the present disclosure is directed to techniques for mitigating
thermal stress in an article coated with a thermal barrier coating (TBC) and
increasing the life span of the TBC. As described above, an article, such as a gas
turbine engine combustor liner, may experience widely varying temperatures
during use. These changes in temperature may lead to thermal stress at an
interface between two layers having different coefficients of thermal expansion.
For example, an article may be coated with a TBC that includes a bond coat
formed on a substrate of the article and a thermally insulative layer formed on the
bond coat. In some embodiments, the substrate/bond coat and the thermally
insulative layer may have different coefficients of thermal expansion and thus
undergo different amounts of thermal expansion and/or contraction when a
temperature of the article changes. This may lead to mechanical stress at or above
the interface of the bond coat and thermally insulative layer, which over time may
lead to crack formation and growth in the thermally insulative layer. Eventually,
when the crack grows to a sufficient size, the thermally insulative layer may detach
from the substrate. This may leave an area of the substrate or bond exposed to
elevated temperatures that may be harmful to the substrate or bond coat.

[0035] Disclosed herein are techniques for minimizing the effect of crack growth
in the thermally insulative layer. The techniques include forming features in a
surface of the substrate. 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 parallel
to the surface of the substrate, the features serve as an impediment to further crack
growth by presenting an interface between two materials, e.g., the thermally

insulative layer and the bond coat, across which the crack would be required to
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[0032] FIG. 17 is a cross-sectional diagram of an example substrate that includes features formed with
different sizes and depths. [0033] FIG 18 is a flow diagram of an example technique of forming an
article including a first array of features in a first location on a substrate and a second array of features
in a second location on the substrate. DETAILED DESCRIPTION [0034] In general, the present
disclosure is directed to egmi%%ef for mitigating thermal stress in an article coated with a thermal

barrier coating (FBC) Hctﬁ SretSifg e e Spirubrisee A d&cibed ABBY A article, such as

a gas turbine engirécaivibugtar (irek maytexperienae widelinaning tesperatutesmeuring use. These

changes in temperature may lead to thermal stress at an interface between two layers having different
coefficients of tﬁg?r%a S(Zl%g%rs?gﬁ.( é?vgt)%ar%rﬁéagfréﬁdé?ﬁ% éér]%lgf}lﬁse‘ coated with a TBC that includes a

bond coat formd@Gelalsisbsteae i astithe featheethesniad lfomswlativieslaylettarmed on the bond
coat. In some eqgerimenisafie suasiiaie/bRn oA ANd e felmaliynswiatve fayer. may have

different coefficients of thermal expansion and thus undergo-different amounts of thermal expansion
and/or contractiSHWREFERIFHErATIFE By aiere hissews sThiircmel heautidmechanical stress at or

above the interfasgpfitiedanghseat and dosimalminsidative fayskswitich.ovgn imenay lead to crack
formation and growth in the thermally insulative layer. Eventually, when the crack grows to a sufficient

size, the therral'f§/ THELTARVE LY Ay HRRIBAITRGHY thes LUOBLASEOTHIS ey eatit A area of the
substrate or boritleesyposetd thrlevateddelnpersyreathaiomay: bewiapifuhienthe,slistrate or bond

coat. holes to provide some thermal protection to the exposed substrate. The cooling
holes may also improve thermal performance of the article when the thermally
insulative layer is intact and attached to the substrate.

[0037] In some embodiments, the features may be formed in a first array in a first
location on the substrate and in a second array in a second location on the
substrate. The pattern of the first array and the pattern of the second array, and the
first and second locations, may be selected based on a prediction of the thermal
stress that the substrate will experience at the first location and the second location,
respectively. For example, the substrate may experience higher temperatures or
more severe temperature changes at the first location and lower temperatures or
less severe temperature changes at the second location. Based on this, the pattern
of the first array of features may be selected to be different than the pattern of the
second array of features. For example, the first array of features may include
features that are spaced more closely together, have a different shape, or include
another characteristic that provides superior thermal stress mitigation than the
second array of features. In some embodiments, the first and second arrays of
features each may be proximate to and substantially aligned with cooling holes in
the substrate.

[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



[0035] Disclosed herein are techniques for minimizing the effect of crack growth in the thermally
insulative layer. The techniques include forming features in a surface of the substrate. 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
parallel to the SLJI[l‘faC?ZOf the %ubsék%ge, th?,features serve as an impediment to further crack growth by
presenting an intefats BEAEER- RIS SIS [& Javhe BiatAh s Hhstiativhvaysiesnah st bond coat,
across which theforeckl wioutd enteguirdthto 1gravinks effeckthefeatuessegregaietie-substrate and
TBC into a plurality of s rd ins, Cr owth may occur within individual domains, but the
features hinderza(£:r5'§('§1c2;l %égﬁgs%%%ge%%ﬁggfaiﬁﬁ% oer%%l?ﬁg?%losbl Tnitgc?rrﬁeaélrﬂ tSHFr%re%Ctes, the features
may be formed #fthbsgitsstrdtesiordiimate aodamdes ubstantiaijnaligh et fvit coolingtholes formed in the

substrate. Such @, AHRNISMERLMAYLIBRIUEDEIPAL SRS SRISIARs & pfne article compared to a

substrate that does not include such features. For example, if the thermally insulative layer

delarninates fronPasidistraty doniiRe fReo R B8 tedha mehnitaerorh fingteseioling holes may

allow air flowingdismsite soeling belesitemramde same shermkREBLIRN IR dhexsnased substrate.
The cooling holes waé/%ls(? improve thermal performance of the article when the theimally insulative
SitSched B e

layer is intact antattacted 5 tHe SHBLHRtd Tei057] {HUEBHRR Mh sk dht ChbAesiilifee may be formed
in a first array inbatfirsf (ocationfar Be§ithstratendnsion heetdodiartaiFFasecTdlagation on the

substrate. The p A the, irst arra A 199 th patter (C)fg 1e second array, and the first and second
AaRel Rl alpyARd dhe palion ot e Seqend

locations, may be selected based oh a prediction 0 fmal stress that the substrate will
experience at thE&¥9i#81 16&deiemibatteive s terbeatinrinsespdutiveiyeFomeXampléecthe substrate may

experience NighelipRIRAIAI S ATNAKE AREIR RMRAIINIEENANAGS ALIOG MRtJagatian and lower

temperatures or less severe temperature changes at the 'second location. Based on this, the pattern of

the first array of TERAsE iy bighsisretsd weHecdmaiet syiismitissaaenbettendirgddnd array of

features. For examapleothe sstamioy aidepiures mpyincudaferitpemthalarrspaged more closely
together, have a different s(lél%pe, or jnclude another characteristic that provides superior thermal stress

mitigation than e SCOHd AFAE°of (SUCT TS 'SrRbBETh &N YNS ISP BEE8Nd arrays of
features each maydrepfaxitiaie totanchsibostantiadly 1aligae thuvitheconling HBlesdrde:substrate. [0038]

FIGS. IA and 13 a8 P %ﬂon | diagr a simplified example o turbine engine
combustor secti(C)n 16Céinplud§19 gn%ﬁ%{é?qg?ra?ﬁs%bﬁ#xﬁ vd é%rapg% ou Segf%gr%%ﬁsa oltr)ﬁiiner 14.
Combustor secti®dted iy pecanildersmbnsiog SEBGOASInvivaicdplasalityof sepafatednetal sheets

are joined to fol(EeARRIRORKCOMPLILTHAGARNHOHIEN FRMSIYCIIGL! Suflceagh of inner
combustor of inner combustor liner 12, inner surface 22 of outer combustor liner 14, or both.

[0040] Substrate 26 may comprise, for example, a superalloy based on Ni, Co,
Ni/Fe, or the like. A substrate 26 including a superalloy may include other
additive elements to alter its mechanical properties, such as toughness, hardness,
temperature stability, corrosion resistance, oxidation resistance, and the like, as is
well known in the art. In some embodiments, substrate 26 may include at least one
of Cr, Mo, Ta, B, C, Co, Al, Hf, Re, or the like. Any useful superalloy may be
utilized for substrate 26, including, 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,



liner 12 and outer combustor liner 14 may be formed of substantially a single sheet of metal. Inner
combustor liner 12 defines an inner surface 16 and an outer surface 18, and outer combustor liner 14
defines an inner surface 22 and an outer surface 24. Inner combustor liner 12 and outer combustor
liner 14 define a combustion chamber 19 in the annulus between outer surface 18 and inner surface
22. Substrate fe tu$es may be forme ac%%ding to the techniques of the present disclosure on either

or both of outer stirfac® 18HPHHEPE tdP B £ BPiinents ead € 3 wardrelrfoustor liner 14.

Although not shewiCith {GlIdAmeittferddsbpthuadibettpresitiacacld glonmereembsistor liner 12 or inner
surface 22 of o%%a%%mbugglr liner 14 may define a plurality of cooling holes 20. [0039] As described

above, gas turbine engr?ﬁren combustor section 10 may be a component of a high temperature

mechanical systéfit2ddtmasaigismasbied@ngihen Wheretsded foratigipkem peratuire mechanical
system, inner cQRbUSIORlIRGHL 12 ang/qk 91‘1'@5&9&@8}‘3%%' §5 1532, EXRE i§lncrgahigh temperatures
r

and/or Large temperature changes. Thus, outer surfaCe 18 of inner combust .alslner 12 and/or inner
surface 22 of oUFEEMBUS) IHeR 1219RHY wenlr sprdna SV SIbtedtvecpdritng fothaed on a
substrate 26 (Fl&e1B). For example, substrate 26 may be coated with a thermal barrier coating (TBC)

28, which indui@?’f&?}g coat 30 and a,thermaIII%/ insulative layer 32 that provides thermal insulation
for outer surfac FMBSPEL ALV 12, iinarialbdre a9 erpbitst abHsudtoriner 14, or both.
[0040] Substratea2tlinayicomipriseh dotoeXamale rasspecaioys bagedentNinfady biffenor the like. A

substrate 26 inc}&ﬂjggﬁ% Qerall y may incluc ol{ser additive element to,f'%ét r its mechanical
properties, such as toug %é’é‘?‘ ﬁ%ro ?%%/%(?tceorar?ggfa x&rsé)%f’a%ﬂllfo, %:%?chssic%)hﬁ re éfgﬁ%é’,eoxidation
resistance, and fprafRdyaxidivied herohavin Ihe fart chaspmdentbadirémisy $ubistratei?6rmay include at

least one of Cr, NeyiJige BmfosShRrMultfcREnRLhE g@tﬁgi‘@éegﬂlb%%e&?eﬂ%n}gﬁ%? utilized for

substrate 26, including, for example, those available from Haynes International, K o, EN, under
the trade desigriAtRAMMEANES 560 P amariresRHByR ()| Hovd. thlenike ifoothe] Bemdneoat 30 may be

formed on substrates@6 fremtbtirlc g reRse sadkigsiorsbetween substrate 26 and thermally insulative
layer 32. Bond §3’Q{, ay include an alloy, such as a MCrA1X alloy (where M is Ni, Co, or NiCo, and
O

X is Y. Hf, Ce, La AR hIREs 2 SR ih Bl amat REStEiod E9st18trMay include a
MCrAIX alloy maodifibsiray P, diether jyracioas v iad-go b elementeor sssftastery metal. [0042] Bond

ot 5 o e DAL R BT B g, o o e

electroplating, otithiifikehatnia, a rare earth oxide, a rare earth oxide-stabilized zirconia, a rare
earth oxide-stabilized hafnia, a silicate, a zirconate, an aluminate, or combinations
thereof.
[0045] Ytiria-stabilized zirconia includes zirconia (ZrO,) mixed with a minority
amount of yttrium oxide (Y,03). For example, one yttria-stabilized zirconia
composition includes zirconia stabilized by about 7 wt. % to about 8 wt. % yttrium
oxide. In some embodiments, yttria-stabilized zirconia may further include
another rare earth oxide.
[0046] Rare earth oxides used in thermally insulative layer 32 include, for
example, oxides of lutetium (Lu), ytterbium (Yb), thulium (Tm), erbium (Er),
holmium (Ho), dysprosium (Dy), gadolinium (Gd), terbium (Tb), europium (Eu),
samarium (Sm), promethium (Pm), neodymium (Nd), praseodymium (Pr), cerium
(Ce), lanthanum (La), yttrium (Y), scandium (Sc), and combinations thereof. The
same rare earth elements may also be useful when present as rare earth silicates,

rare earth aluminates, or rare earth zirconates.



[0043] Although not shown in FIG. 113, radially inward combustion liner 12 or radially outward
combustor liner 14 may sometimes include a thermally grown oxide (TOO) formed on bond coat 30. In
some embodiments, the TGO may be formed by oxidizing bond coat 30. For example, bond coat 30
may be heated in an oxidizing atmosphere during service to grow the TGO on bond coat 30. In many
embodiments, tlt% I 3) omprises alumijpa, (Al203 1aé;m with other elements diffused from bond coat
30 or substrate %ﬁg ﬂiﬁ' el’?\%{r)r%d;f@efﬁsltpﬁé\é}tee d)r/lz:Fr lr%a)slu P0G e RIS e ction (insulation) to
substrate 26. Tiheatraiy4asbiétive dayet 3R callctnygyis&auteastvnerafed radietyfafanaterials,
including, for exgpleyiia sibligecaisaniditiiasiabilized hafi. A aie ear oxge, a rare eartn
oxide-stabilized zirconia, a rare earth oxide-stabilize frnla, a silicate a zircéna e,’an aluminate, or
combinations tHB#¥&E foed] byitfii-etaminizedhzirdeniatihthgdpioritisbagaais0 Msamixed with a minority

amount of yttriugneicle CRQRe FrRF-AXAMBIRARE Yiliacstakilized zixepmia gomposition includes
zirconia stabilized by about 7 wt, % to about 8 wt. % yttrium oxide. In some embodiments,

yttria-stabilized 2HEOMAE D $uibEMFRHIEe AribtH& rare earth oxide. [0046] Rare earth oxides used in

thermally insulajivespyacBainaudeanfes examples exdesofdyietivm Guyiterbiumy(Yb), thulium (Tm),
erbium (Er), holmi dolinjum (Gd), terbium (Tb), europium (BO, samarium

m.(HQq), dysprosium (Dy),.ga
(Sm), promethitim Igﬁnqg,atr%fé%%égn%% &)%lgésoé‘%%ﬁdpns ACCNURTIES A3 MA%NUM (La), yttrium
(Y), scandium (Ba)dndacbrabindtionththerdhf Thésameyaralearihp eiementsmayafaccbe useful when
present as rare garigysill A lumi or rare earth zircopates., 100471 Jn the
embodiment iIIqstraﬁ@%ﬁ%ﬁ&l%gl,%ggggﬁé&%Eﬁc%?ég% Sﬁ?a{e%tel?rrg’s%fgr,eé}ﬁ,%%cfegHg]Md
(collectively "fe&tiieEBafacropsivgan boad seric Bendf hatruiiténsslafteatures’349may comprise

depressions formgehin SdtiacR 3@ RRd M P farmed RV Foh SXHRRIE oFhemical etching,

photolithography, laser machining, electrochemical machining, electro-discharge machining,
micromachining OB BX g 2P tRE filk 2 (56485 Ehkhidrarionefithenaly dnstipiz ek élative planarity
of surface 36, €3g.lceaiel off teplateas 3AstraydoaN BhdiseasitioHibsincHdiRca3Ar kaatures 34 may
impede crack growth in.thermally insulative layer 32 in a plane parallel to surface 36. While not wishing
to be bound by %iﬁ')’/%oélr icU énr‘%ﬁ%lodrqflsﬁl %%\L%e@%’ia%gyar\é%% P4 RS CERHE &AW bond coat 30 and
thermally insulativeskiperiBerémossivhich agrackswadl chneedntoiprogagateth grawifegen a portion of
thermally insulaiydaver,32 InsaisAdn A feais,3440.2 pedion alihemglyinsulaliys fayer 32 located

on a plateau of surface 36. The transition between dissimilar materials. e.g., bon coaf 30 and
thermally insulatRFEayE tiErmady sdade deaeldgrinratederos o tienintésiateob the two materials, and

may contain cragkcar@wdly 1@ s italerfanmain,a o SRRARLL hsIMALY tsulagive layer 32 located in
a feature 34 or g?fortion of therma!{e/ insulative layer 32 located on a 1plateau of surface 36.
)

Accordingly, eveHIP 1R YPoHBIE R e G e mOtHar & hbRfoR b EIe!oiprits MmAabSs from substrate
26, the portion ¢fifBC:28 poat deldminateatmapderlimisesbivad peripnrbovesadigaiuwe 34 or a portion

above a plateay of ace 36.[0049] Features 34 may include, for example CgEiepr ssions in surface
36, as shown #@I@F f ?E&ét%%e“éaéf nr?%?ei’n&rue g Ig%ge’ndeelpiﬁys/sﬂ%?é]ﬁéfﬁgg%? s&5s8EGh 38, as shown
in FIG. 1B, or mayiacllisle mothesridross-settidnakprofiy Fartexamnple;asshown dnds|G. 2A, a feature

34e may include,g.geperatly ?é?Ufi}ﬁag%ﬁiﬁ%gg%é%’ré&g &%o%aﬁ]%gf 11%9'%&rean0tqgrhlsesser’ portion

of a circle. In other exar%%es, as shown in FIGS. 2B-2D, a feature may inclide a generally
triangular crossS&evidn 24 2 foativaraag 1a Mpinisielydes genenallly aeystzoidiat soiss-48ction 46, or a

feature 34h mayuistchiden @ HUIRGEIGCL ASEMAIR IASSHEGHOR A8 SUCh, GFasSesaslignalprofiles are merely

examples; other cross-sectional profiles are also possible and will be apparent to those of ordinary skill
in the art. shown in FIGS. 2B-2D, a feature 34f may include a generally triangular cross-

section 44, a feature 34g may include a generally trapezoidal cross-section 46, or a
feature 34h may include a truncated arcuate cross-section 48. Such cross-sectional
profiles are merely examples; other cross-sectional profiles are also possible and

will be apparent to those of ordinary skill in the art.
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10050] As shown in FIG. 1B, features 34 may be formed proximate to at least one of cooling holes 20.
Such an arrangement may provide an additional measure of thermal protection to substrate 26. For
example, should a portion of 'IBC 28 delaminate due to thermal stress-initiated crack growth, the
portion may be limited to a portion above a feature 34 or a portion above a plateau of substrate 26, as
described abov g‘giti n, bec eolf atures 34 are formed proximate to cooling holes 20 the
portion of subst géeg (g or bond é’ﬁ@ %1i?%%gssﬁrgfgé%'e%etf%ﬁ%g%%l&@%?ﬁﬂﬁét[gﬂsb%‘?ﬁon of TBC 28
may be cooled by @ipéxitingear?d.ofwmiora proxignaiesn coalngdvide a2 0dditiisiahaie priovid thermal
protection to the,expg 901%‘8{{ n of %ngg&;azt 36 o1 bond coat 30 after.delamination of the portion of
TBC 28, which o%herv_vfée WOL]I{)g‘ not be possﬁile if features gﬁoﬁgﬁepﬁg{f%r?ne %rlggimate to cooling
holes 20. Cooliril§ laBlawReivdy Qo Halipers-tobhsdirsacke28 iuiba TBD 281y debistdttially intact and
attached to subgiraje, 26 {06 Fratwes34 manhsiamed N.anauay cqmrrising a plurality of

features 34. FIGS. 3A-3F illustrate a number of exemplary features 34 and arrays of features 34. For

example, FIG. SKSHBGA %R %rrdy HidigatuRss s fedtitifiig 4 prutamybryrea#s s sodivdves 54 are
oriented substantiaiy2parelietdeachubthereantare faroed nsuhsitaii Re I aXinKtgte cooling holes
20. In addition, grooves 54 are.sub |ally aligned to cooling hales 20. In other words, in the
embodiment illugs rATERA FRET9R © Sﬁ%&%&y QP@%E%&?@E@SM&?{%%%? E681M§ holes 20, and are
approximately egeidistantfrdimgheleo@0ofltdoting pmjeisiaﬂlﬁmeli.ﬁhemidm%.&xé&sqmﬂ&e one of
grooves 54. S a3 AUANGSIENS MY SEAIEAAIE SHBSIAISA8010 A RIAIY of dpmains, each
domain being located between adjacent grooves. As‘described aBove, i may improve thermal
stress resistancéfoBE o8It whish S ars F6lc[(05a e Sdrmeremiiddimedhts, grooves 54 may be
approximately thg.gamiec WAl Mo S0WNABIHEG: 1fks Roais AT Ofiments sAp& Qfmere grooves 54

may be a different width ITT than other ?rooves 54. In some embodiments, a width W of each of

grooves 54 may'BEbeRiedh A spreritialisinnoendritheled fo ubpraErately 0.125 inches. In other
embodiments, tigigitheiihaisach9ftgraorrs blamaydiebapmenn apriaxnaigbsaRL@10 inches and

approximately 0,05Q.jnches. [0053] Adjacent grooves 54 may be spaced approximately evenly apart,
or may be spacé%’%‘%@%%Té%a@éég%%%w‘?ﬁg d g?é?f@@l%%ﬂ}i}g%%cﬁgfgﬁf‘ﬁ?&ﬁves 54 may be
referred to as pifettpersdin Somexemboditiehtssimeay vanrbeideauappidxiciateh @.2 inches and
approximately Opﬁlpaﬁﬂ‘?& Some [gnagggm%{sd ého%griltt%g Srﬂg%grqtcr ase of q%creaﬁe monotonically. In
: . g 1ally parallel 10 eac .
other embodiments, the pitch may increase and tlf1en ecrease or maX/ décrease and then increase. In
yet other embodifheriad accifierspesiesib e 2AptpratpiteHneay e hplsseiimbxelddonstant. [0054]
Grooves 54 may,avesa yarefyRiaians-sestiond shapghdreiveling. Jarexample, ap arcuate,

truncated arcuate, rectangular, trapezoidal, or triangular cross-section, as illustrated in FIGS. 1B and

2A-2D. Each of §r8898aes My #isd & S s At tao s B RGASH I ESToroRtsI 88 8P O of grooves 54

may have a difféxged opssdsestippahpinide thandanatheoeneobereoves g .nbs depth of each of
grooves 54 may be betwe roximately 0.004 in

) a es.and approximately 0.020 inches. In some
embodiments, tﬁlg%éBltf\iw\éé)fef%e{g#%‘fta’fo%%eeé% Phay %Qe ts)sé‘t%eagna%%%g?ﬁﬂtam?} 854 ches and
approximately 0s@@8riateBésnSimplardathd deicithind/ ctiok dieptindfeeachaigrbewvesbd may be
approximately tg;saipie:pidiR AR A1 RLIARNQNS QT AORMER o Ma A llefent ipan at least one
other of grooves 54. The depth of grooves 54 may substantially similar, may increase or decrease
monotonically, rAbYRicréasenadthurhdatsdase, or may decrease and then increase, [0055] FIG. 313
ilustrates an expyuele Af Aty afifeaiures,56.hat ingludes,a-orid 28 forpethRy g disst plurality of

grooves formed substantially parallel to each other and a second plurality of grooves formed
substantially pariHaf & SXBANTHEr Hhd B AL FHANG BsTEe A AP F6CBEOfiYSE PitiRgMPBRgrooves. Grid
58 forms a depregsiesminvsdthsiraten’randrdefinesia plucality: ebplateaus BXinsubsirate 26. A
respective one of cooling holes 20 is formed in each of plateaus 9. In this way, grid 58 segregates
substrate 26 intce)agCh pﬂ%lr%%llﬂi)/vg %or‘ﬂ%ﬁnf %Wfﬁ%%@’ég%é%tﬁbﬁoiﬂgg‘%%ﬁﬁrﬁN&?PB%%ﬁ%in to an
adjacent domain. Riraycotfedturdsrshisfommad groxiidtatéto andisubstantial i/ atigned with cooling

holes 20. between approximately 0.010 inches and approximately 0.050 inches.
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[0056] In some embodiments, each of the grooves oriented substantially horizontally in FIG. 3B may
have a first width WI, and each of the grooves oriented substantially vertically in FIG. 3B may have a
second width W2. In some embodiments, first width WI may be the same as second width W2, while in
other embodiments first width WI may be different than second width W2. In addition, in some
embodiments the width of at least one vertically oriented groove in grid 58 may be different than the

width of anotherl&ritahy/ BB YO STER SRR S AR e bR s RaRTR RSB Rorizontally

oriented groove spageidl GFenay hegiftergaithandaewidt o anetheirazoniaheoerigd groove in

grid 58. In someb%met%grgég\%ngss, w% Vgh th of horizogt%ll or vertically ariented grooves in grid 58 may
increase or decréase monotonical y, W ife A oter em 88%51%?%%8&% horizontally or vertically

oriented groovesgingritns8imay incrensedapgthemaerédsadicsdebrease anddhiemringrase. The width
(W1 or W2) of eaghyaf the, groQues ingrid 58 m; tween, a rqxi;patel 0,005 inches and
approximately 0.8125.inc es. In other embodi]me%r@?,%@egv\s@t#?&agg isng?%’a@ﬁ P)?% e grooves in grid
58 may be betw&EY H5HitRiAet&Ign0leaoaechios andresproshtatelyitc8Bseinbhie. (0067] Adjacent

parallel grooves dmgsigB&ay e sRaces ARRarosmat M&%Q%/b@%ﬁ&ﬁrm%{%ﬁa%@d different
distances apart. In some embodiments, the distance DI or D2 between adjacent grooves 54 may vary

between approxhiax8yE08\Fehe B anhespAredisty el 138 iscHearalshapriciashdriniehts, the pitch may

increase or decreasephaoaoianiaal ivuli ntberaembodimeatsatheapighdanayrineigageransidhen decrease
din FIG. 311, the pitch may

or may decrease and then.jncrease. t other embaqdiments, as illustr

be approximateIf/e(c:%?1r§t('a§118r1il.l]ilréit f’filctfiﬁltllrtl)rll;[jI allﬁg'som%néﬁr%%c?%(ﬁme% %Etﬁ%g(ﬁ?so[\é‘?fggeiﬂ%élwgéﬁeadjacent
grooves in a f_irstsr'dtr@etmn-mspb@ plfﬁﬁ}@m{thdgaﬂnemﬁgtég@e@%aefwgaammmgrooves_ ina
Second direction, {3 saum ARSI AT A1 dtection may Nerapss of fogrease within grd

58, while the pitch in a second direction may be approximately constant. ach of the grooves in
grid 58 may hav&'enedhiaribapeadsanpestiotiatisHasinehds andgrioosiastpie)-820arcuate,

truncated arcuat@chestanguias craeezRidal, @6 WiangulaL RS RERILR4asdustiateddn FIGS. | B and

2A--2D. Each of the grooves in%%rid 58 may have the same cross-sectional profile, or at least one of

the grooves in gPRPEZIRAY KADA Brhsrandrorexmaishidl pr8finsiranSindade Sieétthe grooves in
grid 58. The dept, aicdghhaffthielgrogves ey hepebupsrappieKimatelm0 H04drchas,and
approximately O'a(%%gasip SQee of !grllo%(\)fgs] 4 may be different than at least one other of grooves 54.
The depth of grooves 54 may substantially similar, may increase or decrease
monotonically, may increase and then decrease, or may decrease and then increase.
[0055] FIG. 3B illustrates an example of an array of features 56 that includes a
grid 58 formed by a first plurality of grooves formed substantially parallel to each
other and a second plurality of grooves formed substantially parallel to each other
and substantially perpendicular to the first plurality of grooves. Grid 58 forms a
depression in substrate 26 and defines a plurality of plateaus 59 in substrate 26. A
respective one of cooling holes 20 is formed in each of plateaus 59. In this way,
grid 58 segregates substrate 26 into a plurality of domains and impedes cracks
from growing from one domain to an adjacent domain. Array of features 56 is
formed proximate to and substantially aligned 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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embodiments, the depth of each of the grooves may be between approximately 0.004 inches and
approximately 0.008 inches. Similar to the width W, the depth of each of the grooves in grid 58 may be
approximately the same or the depth of at least one of the grooves may be different than at least one
other of the grooves. The depth of the grooves may increase or decrease monotonically, or may
increase and then dedcrease r decrease and then increase. In some examples, the depth of the
grooves oriented T S HPSPHifdetisndt .éy,ld@?ﬁééﬁIglfﬁe‘f@fé?h@%?ﬁﬁ%db‘@lﬁ‘ilﬁé\ﬁ ntErfgd it depth of the
grooves orientethisoasenhodidicestitn, weidh bosizentadbe incHlE1I3Brkhadditione the:depth of the
grooves oriented in gne.direction may change. within grid.58, while the depth of grogyes oriented in a
second direction \ \%Xtﬁfn%é%ﬁ ?r}ﬁaév )ée\ggf)hr%iﬁmngte?{/ cegtﬁ%%éﬁt?rfﬁﬁggeﬁfﬂ thlgrg%’r%gg‘diments, as
illustrated in FIGB@arkn trayidsh felttlesBoeaiayinolatie aigniddfsinusoigaldgidavwgshe?2. Grid 62
forms a depressign B subsiila, A6 A0 ARIRES A LAY S AIAIPS 53 nsusirle 26. A respeciive

one of cooling holes 20 is formed in each of plateaus 59 In this way, gri segregates substrate 26
into a plurality of YohfaiRe hmghpbeadd 16PH iHYWIN s A b AE bt alie acamamjdcent domain.

Array of features SR is fasreed Broximate 1nRBh sihsiantiailabigned ity cealinaholagR0. 10060] As
described above, each of the grooves oriented in a first direction may have a first width WI, and each

of the grooves oHeNEP TR SHH YR IFhRE A K EoMimRd A2 AddHE embodiments,
first width W1 mégeieesthe samneesisechadindddsdV2havhiletinwther empedimenistfisst width WI may

be different than secand wid 2.1na %tion in some emb (# ents the width of at least one groove
oriented in a firs%raf“-}‘é%stiltglr‘ﬁh&}ér%/(\J/Tt‘;1 rbr?a%/e Véeﬁ%iea rr(r)]xemé%t% gi ggrenﬁ%?f Sa%n&aé)%@iﬁn%fegother groove
oriented in the fist?dirachion In gitidre2 indmemsetinbodithéis, th& Midtheafigré thees ariested in a single

direction in grid QZgH@ysiﬂgyeégé%ws%%g?&m%@wm'm&i%éﬁagya&&%mggdg;a;gt& the width of

grooves oriented in a single direction in grid 62 may increase and theh decrea crease and then
increase. The WIEI?HQ(\NI or W2) of each of the grooves in grid 62 may be between approximately 0.005

inches and apprsnpiely.0ch2BinaBes:-Jovethe LMo dimants,aa Wishh(iar W) ef each of the
grooves in grid 62 ma% be betweenéargproxima,tely 0.010 inches and approximately 0.050 inches.
I

[0061] Adjacent BAFAITEIYR B9 SRACY A oM AP KaSH ARME B URFREIRN By EBart, or may be

spaced differentddistardes apartbsimitar 40jsthengpeaves i grig S8rillusivatechiipfobkmaBlyln some

embodiments, ti&gldis ance C]|D1 or D2 be{w n a?%c%gtsgrrﬁ)eoge% 54 ma / vary begween approximately
IGs.

: T A \
0.2 inches and applrlz)cxfﬁg{le ;%).éoi{rl]c fes? henf)(f may mcre%lsgdérrle eCregé)elt?ncI)?l%‘[onlcally, may

increase and thétrigesyeadecray deorsaseadind hethincrelastnenmayicstappraximatedy constant. In
addiion, the distanapPLbetuess: arieqestatoayes ariaied.in & st dReclipnaigyhe diferent than

the distance D2 between adjacent grooves oriented in a second direction. In some examples, the pitch
in one direction Ay et dasiCor fe e adE AT Py ABPEZ RIS ReNSIEH ifnaddtiendtirection may he

approximately ceggtasbbodiments the distance D1 between adjacent grooves in a first direction
may be different than the distance D2 between adjacent grooves in a second
direction. In some examples, the pitch in one direction may increase or decrease
within grid 58, while the pitch in a second direction may be approximately
constant.
[0058] Each of the grooves in grid 58 may have one of a variety of cross-sectional
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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[0062] The amplitude, e.g., the distance from line 63 to a peak of groove 61, of he sinusoidal grooves
in grid 62 may vary, and in some embodiments, may be between approximately 0.2 inches and
approximately 0.3 inches. In other embodiments, the amplitude may be less than 0.2 inches or greater
than approximately 0.3 inches. [0063] Each of the grooves in grid 62 may have one of a variety of
cross-sectional shapes, including, for example, an arcuate, truncated arcuate, rectangular, trapezoidal,
or triangular crd&28aEnEHS =85 FaRPREES SI8OXRH DA DD DS BRRISEEBAHA profiles of each
of the grooves magdbiadhe samepesmayde differenhcihsidepinefirachiaiwhegragues may be
between approxmagcefl%g.qggdgches %rg% appr ximately 0.020 l&cfhes. In Eor&e r%godiments, the
depth of each of the grooves may be between Approximarsi 0 ot Hehed s %Pg‘p Bkimately 0.008
inches. In additierst e dépth pbercinofythe ¢jftoveshnmgridead meyberagpheximately the same or the
denth of at least 0g.A e AromvEsRY PRAUTsEN! har. ot iantone.Ale: /LG, gragyes. The depth
of the grooves may increase or decreaseé monotonically, may increase aﬁé)theﬁ/dr(‘acrease, or decrease
and then increa%‘lé‘.y s ontecaxans rascaprané tanohaieasrobysemriemmd! s, ahfirdentiredtion may be

different than the.depth of sheeavesinianteddn @ secrns dikettions Igmddition, the depth of the
grooves oriented in one direction may change within grid 62, while the depth of grooves oriented in a

second directioR WA GAB &5 A5R1P 58 8P SrExHFRERM A REC b BETIH S e embodiments, a
substrate may ihelixdetallyarayoidisareiadeatyras npiead okanai@yatswastaatially continuous
features. For example, FIG. 3D illustrates an array of features 64 that includes a plurality of circular
depressions 66 3?%8 magu%sa{%?ewé%flﬁfﬁqla?ﬁy‘f}é%.{%Eéjﬁmgst?g{gergoé/ﬁSaor'i“%}%ﬁé)ﬁtures 68 that
includes a pluraisood Hexegonaitiepgedsi8msay Odampedinaulystratea?6 and FIG. 3F illustrates an
array of featuregyd2othgt InglHdes & pluralit ipti essions. 74 for in.sypstrate 26, The
plurality of circuﬁuar d(iepres‘sions‘66 mayF%éstgrfgﬁikd&g %??ﬁdrﬁgé %g ’caglo %\%yﬁ(%g%be.sép:)&?gr depressions
66 are also subdERdameEAgHsinwARdebey s dIes G0d R firgsa gapiesriorf lowbsfdepfessions 66

between adjacentirgws &f LORBAGNONGT20[0958] Assahawe INFIGR-AF3Rd SFedhigplurality of
hexagonal depressiaons,7Q and plurality of elliptical depressions 74 form different patterns around

cooling holes 20 W58t IBIMEdE) SRURUIS RIS e sIBrBIB B ey it Groscetedies saPEaIar pattern
formed by circuarithexagmaily and elipticahdeppessianscié ot gfoddncalbactivelyodspressions 66"),
the depression§c)6a§l%E{ea(gan hd(f)%[lgagd&[r%xig%aftg to a%(d Supstan ial:% ali%ned with cooling holes 20. The
illustrated patterns and s apes of depre sion<'BB are rﬁ‘e?éf?eex‘g Xp‘ﬂ% N Ah8"Sther patterns and
shapes of depresbitimti@t alezoohtethpiettdg wkddidion, an array of features may include depressions
66 of different s S, Cir , l,.or elliptical e FIG. 7D). 100661 As
described abov?,@ gﬁﬁaﬁgﬂ%ﬁgﬂ%g%nﬁz&%lﬂé%ger%og%é%lg?%tré(?rﬂv{\)f?(ﬁﬁv?@/%It!’r:(fl%%nm% mbodiments, the
diameter or widBYAediigepiedsEhs 68 eagly There s vrsduiariadénracprsterhiisgfianmileyin other

embodiments, the,diageeied AradimWiRtdapessians H& May: naease and hendegrease or
In other embodiments, the diameter or width W of depressions 66 may be

decrease and then increase. , , (
substantially sir‘?ﬁl5‘?°fHV§uWé%8uW§rr‘é{§}1{?f‘fb%\tﬁﬁre‘?@&’diﬂlwm%iWéﬁ?@?’th%‘B r or width W of
each of depressians@omiayde batween dfproximately:QHdahisshasand@ppraxinately 0.125 inches.
In other embodiments, the.di metﬁ[sgr Wid[th W of.é%%h of qaeéoressions 66 m% be bg?tween

i

approximately (%)féelr?cr:ﬁggcsﬁndaapprgitlerﬁé%l}l/n(ﬁ% nered’ [‘islﬁéﬁnf)%sp égé SHEs ?ﬂay be spaced
approximately ebemliddparenotherayrdye spacedddiffdrefitdidtantes mpait, Similasdmthe grooves in grid

58 illustrated in J?Agbdiments, the width of grooves oriented in a single direction in grid 62 may

increase or decrease monotonically, while in other embodiments, the width of
grooves oriented in a single direction 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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3B. The distance D between adjacent depressions 66 may vary in some embodiments between
approximately 0.2 inches and approximately 0.3 inches. The pitch may increase or decrease
monotonically, may increase and then decrease, may decrease and then increase, or may be
approximately constant. In addition, the distance D between adjacent depressions 66 in a first direction
may be differen &{Hm%g.dist%nce between adjacgent depressions 66 in a second direction. In sonic
examples, the p[; O Th ORE GHERHBH ThEY e AR 8 SP HBIFR R SPIFHARRIS DRGSR 8'S8Bond direction
may be approxinpatelyroomstantpinedttigfeexadipias;heppitciin ive substanttally pagoendicular
directions may nge; .. increase in both direction %ecr ei th directions, or increase
in a first directio?r@g%dg%%égé%a{séé%r? an%esgg}]ede |E§é%|lgﬁl.l i’()t[ﬁggis ac Ei%l? (%fe%p?;?)s%%%%HGG may have one
of a variety of chseceRicEionstshapes, irolbdingeformexarmpiesiaf Arogate atrdincated arcuate,
rectangular, ragegRidflaQ AL CrORSRRFIAR ARIUSIAALLIDEI GRnd A 25D, The

cross-sectional profiles of each of depressions 66 may be the same or may be diffetent within an array
of features 64, GETEFP2NF HeEp Bt BTN SfdetctIohengBasase e Batken approximately 0.004

inches and appepyimatelyd,Q2asnshes dadsarnemrmbaginenisydhedepih.afgach.of depressions 66
may be between a?% approximately 0.008 inches. In addition, the depth of

roximately 0.004 inches an
depressions 66 Wi ?ﬁgdﬁl %?gésg %‘f?&%\?ﬁr‘@%yéﬁ %‘gf,e(‘.‘)?“?g’mao SR PG thadiE Y or the depth

of at least one girthe depiessibns:66coaydbectifferentthancaidgass, onepaihiemainthe depressions 66.
The depth of th%ig&%%%séf%aﬁgr%a%a% increase, 3?5 grtl-:-r%fﬁagf %?h?o}l’?nlca Iyi’n may increase and then

decrease, or decrease and then increase. In additio e dep o ﬁ1pe't8epre55|ons 66 may change
along one direcflBaciivehinaarPasprofifeaieliyes 6468, or 72, while the depth of depressions 66 may or

may not changq @lengiserpnd.aubstanfialiRerpeadiHiarsiiesianitain e aray gl features 64,

68, or 72. [0069] Although substantially continuous features, such as grooves 54, and discrete
features, such EIRDIESHEHY 66 "HavEBeenddesemscembegipatsty NaYseime embodiments,

continuous andghiscsetienppadkiesonay. benitidizadi agethandzay exeme, ARG shows an array of

features 76 inclu%lggda Iutraltgg ofg .?oves 54bar11d a plurality of circular depressions 66. Grooves 54
SRR o HO BB P BYS 5 e Sor HERF i s 858418996 proximate to cooling

are oriented subs
holes 20. In addipprxgreeied Sd4mbesubstantially aligned to cooling holes 20. In other words, in the

embodiment IlugRIR I P30S A1 dagaled Detween, rows.of soaling hojes. g0, and are
approximately equidistant from the row of cooling holes 50°0n ithet Side’of reSpective one of
grooves 54. Suéhaapsartaldgiradnt mayelsgregateasulismanted6rintga phiraliteof domains, each

domain being lagaiegh RRIWGERAGIASCALHQOMEH AS Heseribedahexe  this ey inprave thermal

stress resistance of TBC 28 formed on substrate 26.
cross-sectional profiles of each of the grooves may be the same, or may be
different. The depth of each of the grooves may be between approximately 0.004
inches and approximately 0.020 inches. In some embodiments, the depth of each
of the grooves may be between approximately 0.004 inches and approximately
0.008 inches. In addition, the depth of each of the grooves in grid 62 may be
approximately the same or the depth of at least one of the grooves may be different
than at least one other of the grooves. The depth of the grooves may increase 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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100701 In some embodiments, grooves 54 may be approximately the same width W2, as shown in
FIG. 3G. in other embodiments, one or more grooves 54 may be a different width W2 than other
grooves 54. In some embodiments, a width W2 of each of grooves 54 may be between approximately
0.005 inches and approximately 0.125 inches. In other embodiments, the width W2 of each of grooves
54 may be betw, roximately 0.010 inches and approximately 0.050 inches. [0071] Adjacent
grooves 54 ma)}‘?%)‘at-:'2 fbﬁseo ’aeﬁﬁn(reg%(ﬁj?%na%ﬁ% %&%%’ﬁ&‘ %B;R}Eydilﬁ%‘ra&? B SFAc L Littse EHE Ances apart.
The distance D2nbetlednragdiagertsgbsovas] bdcomay loeis dééetued . td asepitelp]@midn Zome embodiments,

may vary betweg SpROXIMAIR P ehes ANG ARRMAtER 3405heR, It some, erbodiments, the
pitch may increase or decrease monotonically. In other embodinients, the pitch may Increase and then
decrease or maiptiseddasetaraieidn frieréede. iy étothstreistudimants, feastuillesttted in FIG. 30, the

pitch may be appegximalely caRsint 0Tl FESRAVIH O MA DRYE 0RG Ak MPLG Lf Rsvariety of

cross-sectional shzif)es, including, for example, an arcuate, truncated arcuate, rectangular, trapezoidal,

or triangular cros8-LRstials 48 Mttt e Gshatdnshy e poratifeal stitdeNes 54 may have the

same cross-sectigiatpoalie) oraticasiuene.ef WoavRs hdamay Nave: idifisrentsross-sectional profile
than another one of grooves 54. The de f each of grogves 54 may he between approximately
o Sl ¢

th
0.004 inches and ApproXimately o856 IRER BEAhERREC RS D S8ch of grooves 54
may be betweenvhpproiyatbiy Gl 004 insiies antappriaxiniagelp &1608oihckesoSimilar to the width W.
the depth of ea‘%ﬂ:ﬁ%&ﬁ%ﬂé’%é ﬁé\{;@@/ agggr&&m@}%%fge gg@s?gr the depth of at least one of

grooves 54 may be different than at least one other of grooves 54. The depth of grooves 54 may

increase or decl8888 MerbesicalyCinaFinededsshanduabry 9ébrsagen®dddpisssinse &hd then increase.
100731 The IO|Uéﬂﬂ%@ﬁa@i{&%ﬁa&ﬂ%Rfeﬁ‘%&iﬁ@%%@@%&%@f?&?&@g&%&@%&%ﬁ%@?ﬁé‘0'es 20. Circular

depressions 66 are also substantially allgned with cooling holes 20, formin% a pattern of rows of

depressions 66 et&sihaadhn pBR B Jodifitenresestote 6P 4 en sroat hapaéisidasions 66 may

have a diametepaamidibidéti bvhicbumambe gha:same aspeidiiepentiharvyidth W24of grooves 54. In
various embodiments, the diameter or width WI of each of circular depressions 66 may be
substantially sirz: %ﬁ?f%’e‘? arélle SRR WPE gF%‘fFéﬁﬂ%ﬂSc?gpqx@s%%?hggé‘@%ﬁwﬂ%ﬁé% or decrease
monotonically, emthe:tstametBy el guiddtlv it k oflcipcbde sddprébsivhstGbehpatttraseaseiapdthen decrease
or decrease and fhep increa -?Q%Qﬁa gler ar [ | of each of circular depressions 66 may be
between approximat%ﬁy 0.0ozé?n%hes angcl1 appl%fc(\lévr’n%t]tl.aely e.rl%aé%?ﬁ% es. crﬂlatg)fcﬁeo(r%fgmbodiments, the
diameter or wid@#fMASHPEREA BF cheidapégstebsislddte6. ragrtse béfonsensappraxidudeely 0.010 inches
and approximatgRQRMIneNas HORABIHaeY Al HeRTERRIORSHE0. DAY D6 SpARRd |ARRpeximately evenly
apart, or may be spaced different distances apart, similar to the grooves in grid 58 illustrated in FIG.
3B. The distancEB T BéniRen adjacent circular depressions 66 may vary in some embodiments

between approxjotatg |y 0 2 ie6hasaanckagRIoxieialysi s hes. ke pichmayoneigase or decrease

monotonically, may increase and.then decrease, may decrease.and then increase, or may he
approximately crg\?is{lgr?ﬁr?ﬁ %%?tlénr},e e QR taHEE BIBE b%é“(jﬁ é%j%%:gﬁ?séﬁ’f@u(?ér“&aé'pressions 66 in a first

direction may bentheasamelascesdifferentitmly thailkistanterDhtretileen g diachaheiecolar depressions
66 in a second digglian, 0, 39me EXARIEs: ME.RLch nens dieation mavinersasg gr decrease, while

the pitch in a second direction may be approximately constant. In other examples, the pitch in two
substantially petpeisaeulby dheciobeimaptadbh dhmeies & widihdheaseermdoitndivéotions, decrease in

both directions, g¢ ineieasa1n adifst BiFeclinn ANtJeeRasRN6A SRFANH AR RRents, the
diameter or width W of each 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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[0076] Each of circular depressions 66 may have one of a variety of cross-sectional shapes, including,
for example, an arcuate, truncated arcuate, rectangular, trapezoidal, or triangular cross-section, as
illustrated in FIGS. IB and 2A-2D. The cross-sectional profiles of each of circular depressions 66 may
be the same as or different than the cross-sectional profiles of grooves 54, and may be the same or
may be differengﬁlittgjln %rigg%lof features 76, The depth of each of circular depressions 66 may be
between approxifiately OVEESHRSENSA AIRTBVATRIEN 676 56 IRAMEENISSINE embodiments, the
depth of each otwircdlardepressionspboriaytby behiveres apprporoataktddy004 inghes and
approximately Oﬂgrﬁiitrgg%\s. lllpc%%géti(g)rn €tchreagee tg (())1;0ci1rcc&l lar rgjiggresrsions. 653 t}/}\/ithin array of features
76 may be approximately fhe same or t(li'\e gept of at leasrone of the circtiar gélpressions 66 may be
different than atdesistssne®tidesrotihersitbaiaindepressionsy 68. Phedieptivlyfdheteircular depressions
66 may increase R lRCIRASR MRAGIGAI, AXIRCIRARSANA e destease.rldaggase and then

increase, In addition, the depth of the circular depressions 66 may change along one direction within

array of featureS 7T HhileiibeBHI T RiRsGIEcE SISt Ry BESIABY B ihayeer€hange along a

second, substamtiRbyperpeagdicuandiirelion withmamaypifeatures #RrI0Q]KlGa4is a flow

diagram of an ex ry technique of forming an article including a substrate having a plurality of
features formed%ﬁ@?%% 8“@&%@6\’%&@%@%@?&&%@@ CIREYF dhATthe technique of
FIG. 4 will be desaniipéd whthpiefeienece totgastiathiperpagingleo ditudstarssegfiond 0msihgwn in FIGS. IA

and 1B, but it ng 'elrycrpga%rstoggﬂtlh(ﬁltetg{e techni%uee% %Kt?h 4 may be utilized on an%ggter component of

. € 1N 1ons, dec ¢} Ireclons., .or 1Nerease, in a .
a high temperature mechanical system, su¢h as; for examp(ie, a‘turbine biade track, aturbine seal

segment, an airfdtecoprndikecion?d) mitedyd dinestray: of features 34 is formed in substrate 26 (82).
The array may in@lkgleraduralin: ofsfeatemadnivRishanay Peifyrmedoximate iqapd substantially

aligned with coaling holes 20 formed in substrate 26. The features 34 may include, for exatnple, linear

grooves or sinuEidiFoBUES BRI GHEEICH YRS SIAFs GTaENGRIBVESPBIRidRr Wepressions,

hexagonal depressigins: ellipfisel:dppEesBiRna @ icambinaons ofdhese igatures.34. The features may
be formed by, for exa hemical et , photolithography, laser machining, electrochemical

ple, in , )
machining, electéH %r}%]k%?&ie% IR gﬁﬂ%ﬁh‘fﬁ%ﬁ%m@y Q%gﬁpﬁ?gfﬁﬁé,nl?ryth%%ﬁ@r?ﬂtchemical
etching and photatitinagraphy ppérdions 68 sehstrate 2hadeekpdsachtoralghessieal foatagacts with
substrate 26 to erial from, s rate 26. By controlling,th ations that are etched by the
chemical and th%%?r%g%é?%&%%xel g%g\%'h(?jé 8&& gskﬁgtaenggqgrg?(%%n%g t@)dt e'C %eer%ic?gl,s?ﬁlg depth and
shape of the feaRes Bptaihbdwvhidiech Thisoeniond tharate dtthedumpy demantyolled by

covering portions@;sHBstiaiz 36 Hﬁ&ﬁﬁ%f}g’é.&@%@ﬁ%&eﬂq%ﬁ‘iﬁomﬁé aLsmatetabibalis inert with

respect to the chemical etchant. [0079] In [aser machining, a source of electromagnetic energy, such

as an excimer |£8e¥ 1R 8e Aty gdEritE n08e ABH IR O aRpiatiERrbeho famf AV&IENgth that is
absorbed by sulaspiater 26lcIfihatensitydop e pusmis suEltGigRlln cayse ratignssafsubstrate 26 that

absorb t_he energlyﬂg[g %@lgeeosrsinze. S gujs?lntligal %(p?%%r of diflfere%t portions of substrate 26 may be used
to vaporize substrate 26 and fori feattiféd 34| 5@}’6??1QP?‘nthWbagsllbcfr?éFﬁﬁﬁ&%rﬁﬁﬁ?es 34 may
include mechanicatsemosidy, ohpoitionssotisdistnatec2Gidey pfatcexanepled epiessytizedstream of water,
an addition, the depth of the depressions 66 may change along one direction within an
array of features 64, 68, or 72, while the depth of depressions 66 may or may not
change along a second, substantially perpendicular direction within the array of
features 64, 68, or 72.

[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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abrasive, water carrying an abrasive, or a tool that is sufficiently hard to deform substrate 26 or
remove material from substrate 26. 100811 Once the array of features 34 is formed in the substrate 26
(82), a bond coat 30 may be deposited on substrate 26, including the array of features 34 (84). As
described above, bond coat 30 may include an alloy, such as an MCrA1X alloy, which may or may not
be modified by in¢lusion of Pt, another precious metal group element, gr a refractory element. [0082]
Bond coat 30 msélé%%n%l &' ﬂ%&%%?? 8§ ?B?@S?a’?ﬂﬁ?@?oér’tﬁ‘&?ﬂaﬁeﬁ%%’fm%@ﬁﬁique, such as air
plasma sprayingoghirSholiew20rebsuadeifitas praspraiinge(LPRS)tibighNeledity exifigel spgaying
(1-1Vv017), elec t] the like, Bond coat 30. l%e formed 1o a thickness between
approximately Og(g%gi%%%é%&%%’é%eﬁl}%gflr%gtdéfwe&b%%% egsl;r.l n §O3r1r18é %rr%%vgai?ﬁ%ln Cs:a,lt%ond coat 30
may include a thitkisesststweens dpholéaiteip O003pprohesatis €008 indHesn Bondwoat 30 may

substantialy repiogas g IBEOMEIHNALUBSIALE 25eiRclicing feasures 3. {0083 After formation of

bond coat 30, thermally insulative layer 32 may be formed on bond coat 30 (86). Thermally insulative
layer 32 may cOMHHEESRIdast HigEeatts STERI Ot hinte AR ahEIRfifgmrireRashplempitia-stabilized

zirconia, yttria-sfainjlizeddainioyenaig R LRINe. avaieseary axide: stabilizedhzireopia. a rare earth
oxide-stabilized hafnia, a silicate, a Z%(;@%eé an aluminate, or combinations thereof Thermally
a

insulative layer 35 T3y B tarRaASs 0PATIRG 0TS Fhefmally insulative layer 32 may be
formed as a poi60%ihiespwitkratpdiositysr anging Fom apprappratelyo8othe appsaxatately 40%. The
porosity of ther%l;gm%l%i\{g egéz ma hreduc?% Crﬁ%at t[ransfer compared to L,NoN-porous thermally

insulative layer 31 In some em odiments, t erma y msﬁ?a?iv%l?aoyrenr%r ﬁ%g(f/vﬁsé ofmed dver bond coat
30 using plasma-$pragirigrittheVRitkareed ot srmvaally.insultatyertdydiBd maywatigdviRerh

approximately Q.09%,insbgs.a3d ARpTXimalely QA% RN, B GRme ADbadimSRS g thickness of
thermally insulative layer 32 may range from approximately 0.005 inches to approximatély 0.02 inches.
0.125 inches. In other embodiments, the width W2 of each of grooves 54 may be

between approximately 0.010 inches and approximately 0.050 inches.

[0071] Adjacent grooves 54 may be spaced approximately evenly apart, or may be
spaced different distances apart. The distance D2 between adjacent grooves 54
may be referred to as pitch, and in some embodiments, may vary between
approximately 0.2 inches and approximately 0.3 inches. In some embodiments, the
pitch may increase or decrease monotonically. In other embodiments, the pitch
may increase and then decrease or may decrease and then increase. In yet other
embodiments, as illustrated in FIG. 3G, the pitch may be approximately constant.
[0072] Grooves 54 may have one or more of a variety of cross-sectional shapes,
including, for example, an arcuate, truncated arcuate, rectangular, trapezoidal, or
triangular cross-section, as illustrated in FIGS. 1B and 2A-2D. Each of grooves
54 may have the same cross-sectional profile, or at least one of grooves 54 may
have a different cross-sectional profile than another one of grooves 54. The depth
of 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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[0085] In some embodiments, forming a thermally insulative layer 32 on bond coat 30 (86) may include
forming a first thermally insulative layer and a second thermally insulative layer. For example, FIG. 5
shows an article 90 including a substrate 26, a bond coat 30 formed on substrate 26, a first thermally
insulative layer 92 formed on bond coat 30, and a second thermally insulative layer 94 formed on first
thermally insulative layer 92. [OO86JF First and second thermally insulative layers 92 and 94 may be
formed with diffSHa PorSSiRs Fot teEABIal AP YREAhAIRY iHETFAR/&1I4S8FYS may be formed with a
porosity rangingrheiwes 595 rang inb%spraterablyihetwres: 2% aag 1h%hSesonddhermally insulative

layer 94 may h with a porosity between 5% and 40% referﬁbl between 5% and 20%. In
some embodimiﬁ?ﬁ%h%gr%rgw 0 fi %Cﬁf%rt LRI tﬁleai%nba%%ﬂ]s? Igif/l%%%?g 92 and 94 may be

approximately thecdmmbolandln Gﬁwi_aeldﬂpmﬁmmﬁ the parosityofitity fititraddysécond thermally
nsulative layers 53,304 84w TRLIPOBTLD some mbedkpents, st inpraly insulative

layer 92 may comprise a first materialand second therm Insulative laye may comprise a
second materiaPfrelfitstalsd 3écond materials may be different, and may be selected to provide

desired propertiggapEexapRiRe e MstnrlRTias may he seleatrddohavan saeffifient of thermal

expansion that more closely matches the coefficient of thermal expansion of substrate 26 or bond coat
30, while the seBBHPHiAtSARHELE et rOr LN 218N A thal KHBYSS similar to the

coefficient of thembaliiexpansienahsuhsiraiei2own atbamembedimenssrditsithesallyvasulative layer
92 and second th%rm%lllxnlnsuI%tlveﬂll%yd(% 94 may |p(ﬁw lt(f)l same gaterlals. [%(})88 Each of first

thermally insula%ll\l/eStl%lyer§ ‘and’secon eteerrrr?al‘lvy insu atlvecfécﬁle?r f%eaw BE trMéd to a thickness

between a}pproﬂml@lyca.wldmhewm@dm&incﬁesiihm_stmior@vﬁrbbmmmr@amh _of first and second
thermally Insulafiys-layers 52 AR0RdM@she fRimed Lo hiknenses heiier, 8,001 Ingfles and 0.01

inches. First and second thermadlly insulative layers | 94 may comprise S|m|?§'r thicknesses or
different thickne$88%50089]qH Sbinel erbeditienes, deprtserstes wrEkS betiest thermally insulative

layer 92 may befprmgradth @@yrabfeofilsiantiatheneotica) farks 10gme:9., cracks oriented

substantially normEI to surface 36 of substrate 26. The plurality of substantially vertical cracks 102 may
further contribut@BHBIAG! Bfeliansiaran2adi ik Horohhirttiab dBetiite By 4y Batticular theory,
substantially veticakenaghsokdraeaydmrauthénechapicakeorydiancs addist, thermally insulative layer

92 compared to a first thermally insulative layer 92 that does not include substantially vertical cracks
102. Substantia[@o\trgjrté}é @éé%g rff)séorrﬁa%éfr%ﬁitbdctépraecl% it Fﬁé{%ﬁ%@@’g‘é&lﬁ %&Cgﬁ%‘&émains 104a
and 104b (collebtivieheeddifiaist TddaMces fipsttinsuidtive thyer@Refon exampldluduriad @xpansion and/or

contraction of band. seat 3t and.fita! hasmadbn ngulalyeilever de,ius (IBpRaIAe;ghandes. This

may lower the out-of-plane stress due to a thermal expansion mismatch across the’interface of bond
coat 30 and firsEHHE FAMdHSIERAE TSR P osint el friprbve ahd AriPsireasstofetance of bond coat

98. inches. The pitch may increase or decrease monotonically, may increase and then
decrease, may decrease and then increase, or may be approximately constant. In
addition, the distance D1 between adjacent circular depressions 66 in a first
direction may be the same as or different than the distance D1 between adjacent
circular depressions 66 in a second direction. In some examples, the pitch in one
direction may increase or decrease, while the pitch in a second direction may be
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,

19



10090] Substantially vertical cracks 102 may be formed in first thermally insulative layer 92 during
deposition of first thermally insulative layer 92 on bond coat 30. For example, when first thermally
insulative layer 92 is deposited using plasma spraying, first thermally insulative layer 92 may be
heated to a high temperature and cooled rapidly to thermally shock layer 92 and form substantially
vertical cracks 102. As another example, substantially vertical cracks 102 nr&a be formed by

depositing first ARG InQURTRE! &y osD st PV NP iR Y &S v AsLAis Xtre £88n first

thermally insulativedayeri @l Fhifisiressbiuduponay dgsvikisnfosationofisuastantially vertical cracks

102, which rele Ffetrrégt%rgs% other ex first.thermally insulative layer 92 may be formed of a

In ample
plurality of sub-layers in which %Lrgjsasléseeﬁ%?%% sror%%%Sfé)vf\/%faot‘ée%g%hagéﬁg?}ﬁh?i ptAEA deposition and
grow substantiathabatintioestweitticaligrxing fedtirsubstdittiadyptienticaticracks11@2 formed between the

grains. [0091] FiG..6.a150, HHSHIAIES 6%%@%%%%%%@%%&9&f}%ygﬂgy AR efaes 105

Rounded edges 106 may also act to mitigate effects of stress induce y%ling of article 100.
Rounded edges'18 iaierediicenatrensebmeatirdoierihthtceelyescotfdatdres Sdovotfpared to

features 34 havingyshasprREseainaulanedoeso P EREUSIG SR SELRNc O FRtinmJoupded edges 106
may increase resistance to formation of cracks at edges of features 34, thus contributing to thermal

stress resistanc St 58 He IR 68! G it rBIg st RAY FetATaY YdGaereoéqamy Bhemical etching.
[0092] While thexpprggiinatelgsteipiian hasdegmprimashidireciethée foumingararsay ¢f features
proximate to and substantially aligned with coolin es in a supstrate, other techniques may be used
to improve therrﬁngysgt?egslgtt?lé65|tsﬁéar%c§% z‘?ttnoalgl?t|Octlf'ee.9 %?Leex%{lfﬁ%fg,%ﬁrg?ﬁ&%s %%yfh%lﬁ??gla first array of
features formeddftlefiistubealtoresfiansabstmtinandsa sedoncharnayrofdeatiivesmtgrmed in a second

location in the syslialenacth obihe, ISt And eeaon AN NIRY PERRIEISHL braggd pn thermal

stresses that the first and second locations are predicted to experience during use. The predicted
thermal stresse&fel{cBcisiiAsivas Hamey diesqansermatitassion yithinerepiddeatifeom previously

used or tested cRRANEMS dopimayReedisied iy earalicR ModRling (&0 finite element analysis)
of thermal stresses on the component. [0093] For example, FIGS. 7A-7D are conceptual diagrams

illustrating varioths S¥hrstOEEGE ISP YREP AU prAloD SfifRitemay RSrerstrss Zsubstrate based on
predicted thermil@strgsses experiencidemniisstandsesandionatipes ofdhesubstaige FIG. 7A

illustrates a substrate. 26 hayin aﬁirst array, 116 of features 34 formed in af'rstﬂl cation 112 of
substrate 26 and' %iiusgelg A légrsrtz%}i %V%%géﬁ%%%ﬁﬁar%e i%%m§é§%%rgl%%%4i %(fi of substrate 26. In
the embodimentiliustlatethérsFiSarA feadhe shkhe febtresiB4chniprises M Gexagbhal depression.

10094 In some quabadlinentsJhe.predidec heiuaheliess,ab et oGaln 4 12,1y e greater than the

predicted thermal stress at second location 114. The thermal stresses experienced by first location
112 and secondiS&atich a_’E‘f@,Be@ﬁé&WEl?? understood that the technique of FIG. 4 may be

utilized on another component of a high temperature mechanical system, such as,
for example, a turbine blade track, a turbine seal segment, an airfoil, or the like.
[0078] Initially, an array of features 34 is formed in substrate 26 (82). The array
may include a plurality of features 34, which may be formed proximate to and
substantially aligned with cooling holes 20 formed in substrate 26. The features 34
may include, for example, linear grooves or sinusoidal grooves, a grid formed by
linear or sinusoidal grooves, circular depressions, hexagonal depressions, elliptical
depressions, 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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may be due to temperature changes, which cause thermal expansion and/or contraction of substrate
26 and a TBC (not shown in FIG. 7A) formed on substrate 26. First location 112 may experience
greater thermal stress due to, for example, the position of first location 112 within a high temperature
mechanical system, while second location 114 may experience lesser thermal stress because of its

position within the_high rature mechanijcal system. [009 cordingly, first location 112 may
have formed thé’lr%i%%at?i%?ﬁa@oﬂgﬁg?%etaff:f%%t%,sv%%a’ltc erﬁffs)l/l%ﬁr \Y/ié% 88 ASPARTMS stress
mitigation than secont drtiaye 1d8vdfitbatres84 formepbiedectindlocatidntid defForekample, in the

embodiment Ilustiglegh \FIGA eSS B4 i AR AAE ALe formed I aymore closely-spaced

pattern than features 34 in second array 118. Such a pattern es substrate 26 into smaller

domains, and nf&pbeits mitijaenmeeriansaesdthate thethatges spideihg Belfednuids234 in second array

118. Second arfayel §8 mavistilhpravigs tharmalsiessweitigation igagsend location 114 of substrate
26. [0096] Althou%]h features 34 in FIG. 7A are depicted as being uniform in size and shape, in some
|

embodiments a 9ok Brizig i achiniies Hiay stk A pRter RS RIF S B EIGIfIE $hore than one
shape and/or mprerthansededepthatE xaemelest efatrays dneliedingdifesent shanes @adgdepths are

illustrated in Fl%gs.oz 2 ds%’b@?r%Pe%iv?Q’é ﬁ{%%matiVﬁtll){ or ddi.tionﬁllél,, a §in%le array. 116 or 118 may
include a patterf Il WRICI & S126-0F the featlrea 32 ChagaSHRrS SHEITTHE Sy AXEBFITS. For
example, the sizé oftfeaiards B4 ptayrnibnetenigallyvarcneas eSieyoneidretyposperpéddierdar dimensions,

or may increase, g f0eR fIBcianss: s aLy e RN G AMBIRIPASHIRRLASLIC. 78

illustrates, in some embodiments substrate 26 may | e a transitional region which includes a

transitional arrajP980l §theatuedioda offfersibfeatresion mav inclodareer btivdenneciirdobeation 122,
which includes adiiRreayubiB.ef teajiires sd.and a sreons locatian 126, wbigh includes a second

array 132 of features 34, Within transitional array 130, the spacing, or pitch, between adjacent features
34 may change SUiBEYANHAIRF COMYMESHIRENS tleedoating breditirataha ey 128 to the
spacing of featweissBddr2secontoas ayutkdal from substrate 26.

[0081] Once the array of features 34 is formed in the substrate 26 (82), a bond coat
30 may be deposited on substrate 26, including the array of features 34 (84). As
described above, bond coat 30 may include an alloy, such as an MCrAlIX alloy,
which may or may not be modified by inclusion of Pt, another precious metal
group element, or a refractory element.

[0082] Bond coat 30 may be formed on substrate by, for example, a thermal
spraying technique, such as air plasma spraying (APS), low pressure plasma
spraying (LPPS), high velocity oxy-fuel spraying (HVOF), electroplating, or the
like. Bond coat 30 may be formed to a thickness between approximately 0.003
inches and approximately 0.020 inches. In some embodiments, bond coat 30 may
include a thickness between approximately 0.003 inches and 0.008 inches. Bond
coat 30 may substantially reproduce the geometry of substrate 26, including
features 34.

[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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[0098] For example, to transition from first array 128 to second array 132, each subsequent row within
transitional array includes fewer features 34, and an increased spacing between adjacent features 34
within the row. In this way, transitional array may smooth the transition from first array 128 to second
array 132. Transitional array 130 may' provide thermal stress mitigation that is intermediate between
first array 128 and second array 132, and which changes as the features 34 or spacing of features 34

within transition&P 2R HO8E %’ﬁ&??&e;hpw%Waﬁ?b’l@?iﬁ?el%ﬁ%’rﬁ%aﬂ]%i/@%@ﬂﬁ?&alﬁbﬂiﬁ%@ided by
transitional arraypi3@n@ay be greater proximate to first array 128 than the thermal stress mitigation
provided by transiti array 130 proximate tq second grray 132. [0099] Although FIG. 7B illustrates
only the pitch o@égﬂﬁg%@a%%% %eéégfﬁéﬁrkgl?g\??é%f%@, |?1r%‘fg1§ry5ﬁﬂ3’6t ifhents, a size,
de_pth, or ;hapemfrcbewumgiﬁg fr_myamnamgmﬁnem ﬁéirtgaﬁbrdbanm@aft_o%s Bk withisitfirst array 128 to
Deing simiar to IFAiMIRS RAMIND sesodaaY e I semasTRadiments, Mo or more

o compare nan-porous ..
characteristics of features 34, e.g., Size, shape, , Or pitch, ma)? crhange Within transitional array
130. [0100] FIGtrolsirstdatiysiaetrate Desmetriivhg difiestsathayidly ofsidativeels B4 Tdmprising

parallel groovesniﬂa}sy@%@;@d%%%mﬁdca&@ﬁr&éii%ca%igﬂaléb%a%@bﬁﬁ@%ﬁ&&e%@stfate 26 also

includes a second array 152 of features 34 formed at a second location 146 of substrate 26, and a
transitional arra{ TSERHY ABSHARY 43 F5 RA dRAh AR HBGIRT P8 HISHE D4 YHstisherB26. First array 148

includes a first sppeingedy@cm asfasentfesiw emBddiardisanonsiaiiay bbhinsiudes a first spacing
between adjacer%tsf?%turqs 34, Transition afr{)g%/ 150 mclu%ga?S 05:5 %gggt%etween adjacent features 34

NS VBRI TEAR] RAPALA R BEing similar to

1 ayer, 32 may range
that changes from being similar {0 pacﬁ’1g
spacing betweefl.#@atures. 34 in second array 152. In this way, transitional array 150 provides a

substantially confgwiqus transition from thepatter %ft{l%%ur .34 '&n first array,148 to the pattern of
features 34 in sgcon array 151 [Slbl]Mhile FIC:gS. 7A-.7a ﬁllljgssflrg%gﬁ%?'gn& soélcoonnéti g(r)f%ys of features
34 that include sSiPHifdy featurei da formgpaelep Budinditnshiativstersd sutonetartays may include

different featureg, 3 as HuatialeddfF Gor RatoR G EDs subsirate, 26 inaiislesa fist array 166

comprising hexagonal de%ressions 34i and elFléIEtlcal depressions 34j formed at a first location 162 of

substrate 26 and"33RLoAY ARNRAT68! 3P PENRS YeiRtsis o suking Al nisadsierlocation 164 of

substrate 26. Inlaggivarfpstilistiaterbdnaladesna phatalitypécanlingholes 2R fermed at both first
location 162 anq sec%nd I{)c?ﬂlon 1§4..Co?lin holes 20 may be utilized along with a first array of
ormed on fret therma 15 insu agz?e

features 34 and'a second array of features |r11a fy 6f the embodiments described herein.

[0086] First and second thermally insulative layers 92 and 94 may be formed with
different porosities. For example, first thermally insulative layer 92 may be
formed with a porosity ranging between 5% and 25%, preferably between 5% and
15%. Second thermally insulative layer 94 may be formed with a porosity between
5% and 40%, preferably between 5% and 20%. In some embodiments, the
porosity of the first and second thermally insulative layers 92 and 94 may be
approximately the same, and in other embodiments, the porosity of the first and
second thermally insulative 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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[0102] First array 166 includes hexagonal depressions 34i and elliptical depressions 34j. In other
embodiments, other combinations of features may be utilized in a single array, e.g., first array 116, and
more than two features may be utilized in a single array. Hexagonal depressions 34i and elliptical
depressions 34j are shown in FIG. 7D solely as an example of one combination of features. In
addition, although the pitch between adjacent features 34 within first array 166 is shown as being

substantially unifSPATSIRTRA S} RsHB dindRehiispRredimasc st deewietin estativayaye6. [0103] In the

illustrated embodiragntebeih thepieh anddhe-shppe slisainrasidh changeskeween first array 166

and second arr ..Once again, circylar depressjons 34k are merely exemplary, and any shape of
features 34 maa)é)ﬁlg%igaéllho 3%8?1%’6%33 N BG4I SO irissdi el bharstaf 8¢ the shape

and/or pitch of féatures Bdydhafoginglbetwaeifirst imayel @ppand aeeond. aoray k88 atlie shape and/or
pitch of features not chan ng.the ize ndé die th of features 34 may change between
first array 166 ag' sgﬂc%g{r% g?rg?/ml%%m%r? élgte,nasﬁ)%%rﬁ ina i‘rfl)%n(posf3 %%nagélﬂc ren?é%' &' 1fletla‘(teures 34.e.q.,

size, shape, pitdﬁy@‘é%?@@chﬁ)ﬁﬁhﬁddpébbk@h@ﬁkb@tmwmigm@em fidtichange between
first array 166 aﬂ@ﬂe@&ﬁ@éﬁ%h%@éﬁﬂ@%%a@? GRG0 G, 70y éﬂ‘?nw%:%&x?%%mg holes 20 may

change between first location 162 and second location 164. In other embodime e pitch of cooling
holes 20 may ndtBHANGE Hsseesr fierseatiirkaeseand second location 164. In some embodiments,

other characteriptiggopfcootiogheleEmSHEN AS 1RSI0 SPERSs MAY Fhanasystwegelirst location 162
and second Iocettion 5554&0%0@ Alt ougﬁ not d pic%%d in FIGS. 7A-7D, in some embodiments, a first
d €

2 & suBeHNt f@&?{ﬁ HovlsSreattialke g rtigeberekss4 DG, 3A), while a

array of featu resaPﬁay et _
second array of featuresametusestdiscriétenfeatiress(efgs siodlarbdeprassians piarafilyict 3D). Other

combinations of faatuemR VL ARV i CAliEs, .l be. aopaventio ope ol skl inthe art. [0107]
Each of the characteristics of the features illustrated in . , such as’size, shape,
cross-sectional pYsfien¢iephipitthbobatedike 2nyayetisgetdbtedyrormstmonly thetiedpective examples
described above\iih 1@SRRS! IRiprove mechanical compliance of first thermally insulative layer
92 compared to a first thermally insulative layer 92 that does not include
substantially vertical cracks 102. Substantially vertical cracks 102 may facilitate
relative motion between adjacent domains 104a and 104b (collectively “domains
104”) of first insulative layer 92, for example, during expansion and/or contraction
of bond coat 30 and first thermally insulative layer 92 due to temperature changes.
This may lower the out-of-plane stress due to a thermal expansion mismatch across
the interface of bond coat 30 and first thermally insulative layer 92, and may
improve thermal stress tolerance of bond coat 98.
[0090] Substantially vertical cracks 102 may be formed in first thermally
insulative layer 92 during deposition of first thermally insulative layer 92 on bond
coat 30. For example, when first thermally insulative layer 92 is deposited using
plasma spraying, first thermally insulative layer 92 may be heated to a high
temperature and cooled rapidly to thermally shock layer 92 and form substantially
vertical cracks 102. As another example, substantially vertical cracks 102 may be
formed by depositing first thermally insulative layer 92 in relatively thick layers,
which builds stress in first thermally insulative layer 92. This stress buildup may
result in formation of substantially vertical cracks 102, which release the stress. In

other examples, first thermally insulative layer 92 may be formed of a plurality of
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FIGS. 1-6. However, the characteristics of the features are not so limited, and may include
characteristics not described above. For example, the size, depth, or pitch may be greater than the
ranges described above or lesser than the ranges described above, in addition to falling within the
ranges described above. [0108] Additionally and optionally, in some embodiments, the composition of
the TBC may be different in a first Igcation (e.qg., first location 162&1%nd a second location (e.g., second
location 164). FOlPeR&mbIB RIS GLRTER AR SHIERMHA R G 6 R ptiBrce lower thermal
stress, a TBC miaydaeiuitilindc:ibat peowides lessitharsnahinsidlatonhulis legs@astiy On the other

hand, in a location, of an.a tic i tis pre icted ﬁo exaperience greater thermal stress, a TBC may be
™ V%’(lca Cracks ? ornile etween %elgir 1ns. .
utilized that provides greater thermal insulation butis more costly. In some embodiments, more than

two TBC co_rnde_[tf:lir?héJ thay bsaitilizecis éesiwgle?:dagiélf@o,'ﬁhé donipdsitiog ofhitkied B@emay be selected
in combination iih the Airay st R e I lo.areyids lalorad henalstisss yigation at diferent

locations of a single article. [01091 FIG. 8 is a cross-sectional diagram of an exemplary substrate 26
that includes a plaranhCytfaairadisle G indadredesssB)omaaturds341esy all be in a single array,

e.g., a first array 6aiisishawRdR IS oBrihafeairesdd-inaidedatha denth apsadsize (width) that

changes within the array. For example, first feature 341 includes a depth dl and a width ?ivl, which are

each the smalldStBPERY S RSuRIs SR B ISSrERErRTineRrWEY SasptAPAnd a width w2,
which are greatercthan cspthmdbandonittiowh respectivelyed bird feasure 34osivshudegiagdepth d3 and a
width w3 which a:ﬁ regte_r than ds%\)ﬁ@ d% gg}%vcv(i)g @gv rrlcgs1 d&%tivel}é.fFinall , fOUJtla feature 340

. { t ) 4t :
mcludesadepthO and a width W4, Which are greater than epﬂ%1 d3'ana wadth W , respectively.

Features 341, 34iges34)6, iahpl Grnégd aiivhinged in a repeating pattern, increasing in depth and width,
then decreasing ingleih A0 VIcHD. (014076, SEAREIMEAR NSRS 1G5 qerely llustative

In other embodiments, the depth and width may change independently, e.g., one may change and the

other not chang® 8 fealipcrexsaaisdaradihsiaatetmignsd thithireoimgdittasdy or alternatively,

the depth and/ogunigiiMANcNC AR Q) deFIRaseMONAIRHIcallt g dessribad aleve «in addition or
alternative to the depth or width changing, a shape, cross-sectional profile, or pitch of features 34 may

change within afl &tay" ‘ér.ﬁfafﬁg{ea%ﬁ%ré.{nﬁﬂﬂlﬂfléﬁ@gﬁélﬁaﬁc% MEsPEPEth BRemplary
technique for fofinirigeaticarti€lesinaludingnd firstattayraf fepletesdnrarfirat lneaidosnafl a substrate and a

second array of.features in a second | ion of the suhstrate. The technique shown in FIG. 9 will be
described with rlgfeg}gﬁlclg %elffé.sﬁefo%%% Os?a 60 &S%Véﬁﬁg%%l?‘i%ﬁf) Wi 9% %en%eg?g%%d to be
applicable to othesedrabddirmehstrehstsiticiudie Bréirsn dreaymainid seicondramayiofddatures formed in a

substrate. experience during use. The predicted thermal stresses may be determined based on

experimental data, e.g., data collected from previously used or tested components,
or may be predicted by theoretical modeling (e.g., finite element analysis) of
thermal stresses on the component.

[0093] For example, FIGS. 7A-7D are conceptual diagrams illustrating various
examples of first and second arrays of features formed in a substrate based on
predicted thermal stresses experienced by first and second locations of the
substrate. FIG. 7A illustrates a substrate 26 having a first array 116 of features 34
formed in a first location 112 of substrate 26 and a second array 118 of features 34
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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[0112] Initially, a first array 116 of features 34 is formed in a first location 112 on a substrate 26 (172).
In some embodiments, substrate 26 may include cooling holes 20, while in other embodiments,
substrate 26 may not include cooling holes 20. The features 34 may include hexagonal depressions,
as illustrated in FIG. 7A, or may include, for example, linear grooves or sinusoidal grooves, a arid
formed by linear or sinusoidal grooves, circular depressions, elliptical depressions, or combinations of
these features SO TH SR FERPSAAHES B RS BB CRP ARl “ORB R ANdiEhing,
photolithographysdasetisnachirings e eEtathamcah soalehining Fele ctro-thisabargestbaghining,
micrornachining%vil%ri(r)é% (()acnaigélﬂ ?H%aalike. 191131 Astdeﬁcribe gibov , f%rst ocation 1112 may be
selected or determined based on a pr&ﬁéﬁ%ﬁegﬁ SFmal Stress that substrats 26 Wikt §Xperience during
use. In some ertiisagisitam s thestgrediction ditiemal isiress raayubermeddaibalsedten.experimental
evidence or datgy.such 35 dlnta.saiasied during Hise ofasimilanspbeitate under, sipilar condition to
those which substrate 26 will experience In other embodiments, the prediction of thermal stress may
be made basedrSsitihedYahiEal sl Eaeatations pelssdcahsg@rial properties of substrate 26, bond

coat 30 (see FIgdB). andianthermallyeansbetivenlayss32dseti e D) detharidsingsfitite element
analysis). [0114] Once first array 116 is formed in substrate 26072), second array 118 of features 34

may be formed IR EScOh S TEEAIBN DA% GF SIsLEEIe DR £7855 Ristesdamirs R i used to form
first array 116 may befusect i foismeedandcandiodditnn sprierembosiinants, second array 118 may

be formed substantially simultaneously with first an-a 6. In other odiments, .second array 118
may be formed merkgzr%éx(])?né lljétrlsf{lgr%t'fe gﬁ%@%&f&m{ﬁ%{%ir}n%lgr%%%ﬁrlgta oqcz ion igf ,es%elcrzloand location 114
may be selectechoredBteeirinpe Ghpattorttapfediote 3 ofttherondlstrgss thdtshirspaite26 will

experience during, se < Some STROSMEN S, inswRrediclian alihermal slressmaybg made based on

experimental evidence or data, such as data collected during use of a Similar substrate under similar
condition to thodeiviie Rt st oailinteseserldncecmbrray dthotirramhasTakd IftaHittion of thermal

stress may be read@barRARAMALArSiGABIHERS (Alcdlatinnsasad Lormaerial properties of substrate
26, bond coat 30 (see FI%. 1B), and/or_thermally conductive layer 32 (see FIG. 1B) (e.qg., using finite

) . {
element analysiS)>16h 16} uefdERmpE P AN fifd AT AT Tam LI 8 Ay include first
and second pattaeps,of featurestodimespectively.afiage podterns Smay becdetingdintashape, size, depth,
pitch, or cross-s%gyonag E)rlofife of the fe%ures 34. In some embo imentsgeopr%l% qne of éhsese
, Wh

characteristics mayuaﬁangél%lé%\l/\r/lée%oﬁ?s %ﬁ%‘ye i‘f’é’%ﬁa SECONG ar?gyo?ﬂ ile 1 otrer

embodiments, twicaoryadreleditiiedidéfotearabteeistics dnpichanfesetweeh st ARapd 6 and second

array 118. 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.
For example, the size of features 34 may monotonically increase in one or two
perpendicular dimensions, or may increase and then decrease in one or two
perpendicular dimensions.

[0097] As FIG. 7B illustrates, in some embodiments substrate 26 may include a
transitional region 124, which includes a transitional array 130 of features 34.
Transitional region 124 is located between a first location 122, which includes a
first array 128 of features 34, and a second location 126, which includes a second
array 132 of features 34. Within transitional array 130, the spacing, or pitch,
between adjacent features 34 may change substantially continuously from the
spacing of features 34 in first array 128 to the spacing of features 34 in second

array 132.
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[0117] Although not shown in FIG. 9, in some embodiments the technique may optionally include
forming a transitional array (e.g., transitional array 130, FIG. 7B) in substrate 26. As described above,
the transitional array may include a pattern which transitions from being similar to the pattern in first
array 116 proximate to first array 116 and being similar to second array 118 proximate to second array

118. The transit ay may pe formed by any of the processes used to form first array 116 and/or
second array 11@8%@%?\%"@%@&%%?&?}% ARSI AHPATAS hify B fivAet? dubistantially
simultaneously withditstnaray dibandisiiseabndaariayulit8fdnotheresmbadiments, transitional array

may be formed sequentially with first array 116 and/or Con% array 118, [0118] Once first array 116,
second array 1f§cg?1a§?%s %ﬁ%%ly,ett & rgzr%} |%r}61[a"ﬁ3 %?Prraef/?%a‘\yét 13e{ne?c§)r%e%] Et(r?mnéu Strate 26, a bond coat
30 (FIG. 1B) mdsebsitiorsd et anisubstrenth 28 irmisidingffeat firesaB4yin I8sbamayd 46aand second array

118 (176). As dessribed,aaxe, HARt §9A A0 MAGNEUIR AR ALGY; BHER AR AN 11/CrA IX alloy, which

may or may not be modified by inclusion of Pt, another precious metal group element, or a refractory

metal. 101191 BEREEIHRISHEMSFHETOATRY o1 anhseears 258y 38r exhwiiirg, diaheshtal spraying

technique, suchias felasiasRiayingn £athegicrarc AepasitiomsRIeIIAR-Reasy physical Mgpor deposition,
electroplating, or the ljke. Bond coat 30 may be formed to a thickness between approximately 0.003

inches and appfAXimTafe VO BZE MEREY THHLEH ey slstRanBERre 8RB 1A A ude a thickness
between approxgmately0:003tinch@staind O 1088 ackiesthBond aeat 3Qtpayosutestaddiably reproduce the
geometry of sut{?g{lesllfgo%g] Eiinr(:lu%’]gb%%r%:)%%n%g tB%.eL%%ggerft?g(gormation of bond coat 30, a first
thermally insulative layer g2 ?&I . mayabe formed én Borid coat 30 (178). First thermally insulativc
layer 92 may col¥fiitde’dthiesht Bite B allpatitetss ohindhenits; mdhading, Tércbxagmgleviftimiastabilized

zirconia, yttria-siahliaedNafnia, 0are SRIBMXIden enfare RNpdSy Siapllized zitrania, a rare earth

oxide-stabilized hafnia, a silicate, a zirconate, an aluminate, or combinations thereof. [01211 First
thermally insulafif B89 T oraleHE fivpiattadeatprsiotiswahér finitisraay drssinybeinging from
approximately S¥eritappraximately2hie sieseme-gmbodinests thenaresity, ok frst theemally
insulative layer 92 may range from approximately 5% to approximately 15%. The porasity of thermally
insulative layer ﬁé}:ﬁ%erﬂﬁt coé f% ? %%f%'rgcéfﬁ%af}?aetcﬁﬁnﬁbﬁfﬁﬂ%me?mﬁ? HiskiRtive layer 32. 1n

some embodimentstfissbthaanaly.insulative layer 92 may be formed over bond coat 30 using

plasma-sprayingg ' ss. of first thermally insulative layer 92 may range from approximately
0.001 inches anqc?%ad&grg])(%g?e@uér éelsn% ue[)g.% ﬁ#gs%%rﬁlé&eur%{%%dﬁﬁlésﬁ?g%)e{{gfé %g{susregtg fEinst thermally
insulative layer 92mssiramgesfidrgr episrori mkrstgto BoLinches adispmraiomatél/ad.01 inches. In some

embodiments, ag,desaEbed WilhrespECh filkdls Irktharmalyissylatye laves f2:hagy be formed
with a plurality of substantially vertical cracks 102.
at a second location 146 of substrate 26, and a transitional array 150 of features 34

formed in a transitional region 144 of substrate 26. First array 148 includes a first
spacing between adjacent features 34, and second array 152 includes a first spacing
between adjacent features 34. Transition array 150 includes spacing between
adjacent features 34 that changes from being similar to spacing between features
34 in first array 148 to being similar to spacing between features 34 in second array
152. In this way, transitional 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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[0122] After formation of first thermally insulative layer 92, second thermally insulative layer 94 may be
formed on first thermally insulative layer 92 (180). Second thermally insulative layer 94 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 combinations thereof. Second thermally insulative layer 94 may

be deposited by J5RIERRSHIAAENE £2 81 d8rE M B A&k 36 giskinrpidsiiative layer 92 may

comprise a first msatefiglansd sesesdshesmatbrinsulati veclaver94imayRaumprise aAsesond material.

The first and secqnd. materials may.be djfferent, and may he selected to provide desired properties.
For example, thggtrcl]r% O%g?gﬁté?t%lﬂgg Téétg‘é‘r?g‘{] a?rfgcgogfggfhg Eht OIHBFHA P dREion that more

closely matcheslthetioogffitrerit sof the rimait expiarsiGo s tar® 2Gpbbdondzeoatcd@, withle the second
material has a ceeffieigptofiRgial SxpRRSIon gtis,N0kas,almial g the spelficient of thermal
expansion of substrate 26. In other embodiments, firsttherma y insulative ?ayer 92 and second
thermally insulagve fsVaega dessyihsdlbereithe same materials. [0124] Second thermally insulative layer

94 may be formgh Wi PRIRSIABSHURAR.H AR A0 REEIFLaly hEIRSR 8% and 20%. In Some

embodiments, the porosity of the first and second thermally insulative Ia%%rs 92 and 94 may be
approximately tHEREFHENSAY il bt SHBedmmafOthse porbuiafienteé Festsaaasdsnd thermally

insulative layers\@i2iadadri94smaly be-giffeserSacandiemaly-insulative ayer9hmay be formed to a
thickness between approximately 0.001. inches and 0.04 inches. In some embodiments, second
thermally insulaﬁl\t/rllél%gé/)]enr ¥l t]aeyg g@fo#ﬁé%%‘%ﬁ?@%%@?@é %’t\?}bcg beA dheres i 8io inches,
First and seconduthgromailliy Ikl dfivenlaigers B2camapddafaye compiisg iroflérathieknasses or different
thicknesses. [0125].In some e dimen Hustrated.in F1G..§, first thermally insulative layer 92
may be formed Witﬁ a piluralitg}g?%u%.starh%igﬁée\r}e%%gg %rgec usr?LSO%g, Zz".‘§? ,mcrrhea{% asrrgﬁgﬁ?eﬁ substantially
normal to surfac@8iofsdigistratespetizthe ylilpatisyiod behstalmidinyeutsrtibalptdicke 1 02may further
contribute to thewgﬂﬁqg%qr@@ce. While not wishing to be bound by any particular theory,
substantially vertical cracks 102 may improve mechanical compliance of first thermally insulative layer

92 compared to ¥R h&hriliytiatdismre diperioboth bl iod Higshars b deantiaty Vertical cracks
102. Substantiakyiageticaietaeks st 02-may fagilitaie relative rogtiohbelwaan-adiagent domains 104a

and 104b (coIIechV(raIX 'i'do ﬂ(ns 104" 1of first irllsulative l?ﬁ/ ro92, ffgtI exame[i)le, during expansion and/or
contraction of bS8 CoAT'30 B FirTTHE FEmy TR a%&??)? G e At thanges. This
may lower the out-stpldnestress due to a thermal expansion mismatch across the interface of bond

coat 30 and frt el RSYANE JAUSL 93 0K PIRY ImBrye el stiess lolegance of bond coat
iRl fess ole

98. [0126] Substantially vertical cracks 102 may be formed in first thermally'insulative layer 92 during
deposition of firsthengingRfsstIBtRianmyelg2uhsbemd evay 308Fbe ehkermphal/evipénlfiest thermally

insulative layer an’iﬁrﬁlﬁmﬁﬁ%%ytséﬂgn%@%ﬁ@ﬁm%iQﬂd/ﬁﬁemﬁrmqgé(t&?%'ﬁfﬁ{@%}{Qﬁg%z may be
heated to a high temperature and cooled rapidly to thermalgééshock layer 92 and form substantially

vertical cracks 108" A HERE NP SSBSERtatod it e ARICOMBMAHEY) BE formed by
depositing first torirnaliysinsulativedayer492. 4 selativehe thick |aupis, whishduids sigss in first
thermally insulativ%tl er 92. This stress buildup may result inﬁ,formation of supstantially vertical cracks

102, which release the setrrens?g.clkha%%ﬁé)F é%(%/rﬁlﬁfes??ﬁ tbﬁ]igﬁ%h ?ﬁh@ﬁ?ﬁtf\ﬁeé L) may be formed of a
plurality of sub-1## iAdehichadgjasehtsagedsimitoWwbldhe giadhodtter dyriod: ks deposition and

grow substantially GOpHRNONS VELIRALALNS 1IN sUBspRiall Verica) clacke 108 fgimed between the
grains. [0127] Although various features and arrays of features formed in a surface of & substrate have
been described thedtife@hceplibsdivkrers nae v shenedbembedifreritrstititbSArde sswod to not limit

the combinationg,gagcopliouatigRs AbRALKES, %ﬂ%@éﬁ@%%t&%%%m'&i%ﬁ'&%Q@ﬁf%em
cross-sectional profiles were described primarily with respect to FIGS. 2A-2D, it will be understood that

any of the featureSBraTHFS JRSEABRERBFENSTh AYSEYIISe! 4RI s&scsd daemiamtbfile. Other

combinations of fiesatelrastandiarays: fieser hed Gerem-wil besapraseBbtntbese.afskillin the art, and
fall within the SCope of the foIIowing claims. . .
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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[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 components of high temperature
mechanical systems. For example, the features and methods of forming features described herein
may be applied to an airfoil in a gas turbine engine, a turbine seal segment in a gas turbine engine, or
a blade track in a gas turbine engine. Other components that may benefit from use of the techniques
described hereiﬁ%ﬁsﬂg‘ﬁpﬁ?a?gﬁ%@b thos&Hrsramarysiansin s dres[prbytaporidkaiisie, while the
examples describedabevgparinatlynelate dpiteahnigues for mitigating thermal stress in a combustion
chamber article B%ﬁ%Wﬁth ﬁhermal barrier C?;ﬂ:[‘%] TBC)8 examples of the disclosure may be

applicable to dif{‘ere 758 bF SoahgeIsiteE P St W%ﬁgﬁﬂ%}: KiticI&s or Bitferent types of

ypés of coatings, aitigas
articles. Any coatell ssifag elspbject o fartestpat ko dugtd detachméat hetwaema coating layer and an

underlying SUbS}E?J&éZi‘%R%%H%@@rQ%%C 1%“%% rg%gtp etsecgpréi aeosvg%sl&ribedeget[)ein. For example,

. . | s ] €S . i
as briefly described above, airfoils, including tur ade airfolls for a gas turbine engine, can utilize

the features and %sfaysof Hatigiss disclbyeersnshes prabefitaapsicationt {01i30jeBladé mifoils may be

subject to widely,vripdng dempesatynes and-aiasive chemical Spacierdwing QReratign.,in some
examples, blade airfoils are also subject to high shear forces. For example, blade airfoils may be

configured so tHATYRE G216t thandhrdnasss dederibre abatiFrouisairylimades fangeotesrrdsd during

operation, e.g., ibsrgatenadsesl thatpigventsiuid-Mamsiwassiagtbeblades and reducing the
efficiency of the [ﬂ%g %réig%o%ﬁtem. Th% arllbﬁadi,n action §§n. create high shear. forc%?‘ and elevated

temperatures ad Kinetic energy 1 OB iRt RS S MR P & BReVEIRE “rB'%educe o
eliminate the effEidfs mhyHesé Vendous foftesoanbilade airfdiknayatieadiv?) ané aerendoatings, e.g., on

the entire blade,girfail.qr.on eréag%%mng!%@f AR HOSHANAC AL SEL IR RGRAA/Or Dlacke Tp

during operation. However, the coatings that protect e during operation may also be subject to
forces that pronfétéieletaerimstamealessr sheoadini taser BRE aruheletilined hitdeosidtsce. If a coating

layer detaches fragnihe-Hnserving biade suiasa, the,PrReHIaTRIaVIHSd Y e gagting may be lost,
potentially reducing the service life of the blade and, more generally, the mechanical system which

includes the blaB&C|D ¥4 [SAMECL O PHRTIENSE Heafet st BescABRE nersibemiaizitrease
adherence betwasipeo cloatineebayierhamchbilald e sUstace nene IR0 S¥al @ odiments,

more than two TBC compositions may be utilized in a single article. The
composition of the TBC may be selected in combination with the arrays of features
34 to provide tailored thermal stress mitigation at different locations of a single
article.

[0109] FIG. 8 is a cross-sectional diagram of an exemplary substrate 26 that
includes a plurality of features 34 formed in surface 36. Features 34 may all be in
a single array, e.g., a first array 166. As shown in FIG. 8, the features 34 include
both a depth and a size (width) that changes within the array. For example, first
feature 341 includes a depth d1 and a width w1, which are each the smallest of any
of features 34. Second feature 34m includes a depth d2 and a width w2, which are
greater than depth d1 and width wl, respectively. Third feature 34n includes a
depth d3 and a width w3, which are greater than depth d2 and width w2,
respectively. Finally, fourth feature 340 includes a depth d4 and a width w4,
which are greater than depth d3 and width w3, respectively. Features 341, 34m,
34n, and 340 are arranged in a repeating pattern, increasing in depth and width,

then decreasing in depth and width.
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techniques described herein may be applied to a blade airfoil to minimize crack growth when incipient
detachment appears between a coating layer and blade surface. Further, one or more example
techniques may be used to increase mechanical adhesion between a coating layer and a blade
surface, thus preventing or minimizing crack growth in the first instance. While the techniques can be
employed on an)6 surface, a blade airfgil tip subject to high tensile and shear stresses may benefit from

the features and Arrayd b taoduRcabLbstated[ 1 55T A S et BufirivatelBifdEEnt views of an

example blade 200dhicthmajddelsbledeatdiesand oy snatfeauras, aceorsling 19 an example of the
disclosure. Blader-lZOO gen;gal!% includes airfoil 202 attached to stalk 204. Airfoil 202 jncludes a leading
b CHi oh
[0

edge 206, a trailing edge 208. iy Prodstra & a1 BehHses SHAGTRIAFL ST Blessure sidewall
210 is connecteldkto gubtionrsidewsdlt2b2taelgading eptgan206 anidhtradngecge &08. Further, blade 200

define blade U145 A SHI20E SURSIALIEL TRl 5, 5Adlg e 208, Blade tp 2141

defined by an edge 216 which extends about the perimeter o 1t e surface of blade tlpef 4, and
separates the sOffatdhoeiiagedis shapsrsrsthicdiiaebprodinfac eitshaiffbit2os, 1emding edge 206,

trailing edge 208xressuigusidemal 210, gﬁ@%i%\ggide wall 212 generally extend from stalk 204 to
edge 216. 101331 In general, blade 200 is a component of a mechanical system including, e.g., a gas

turbine engine. [ idiHetdHt &8s BEAR SHH RS HLELHTIESEs ¥ Ao iREERTSHAS kinetic energy

into a fluid or a tuchinmpladesthanexit aotsdkingticfarergficon @ Mvvingd g akkeen0C is a conceptual

diagram of an examplg%s‘,[%rtusrbine en?icpl% 2&1 19>nV\6i¥} blade 200. ?E\s turbine eirjgtine 220 includes blade
ine 0

track or blade shrotid’ e R I T aetffffgml@%% Ydté"226. Blade 200 is

. which'is de
shown with a tiFtaafing 228 deshidredsndeseriedcintgidate? Alétailhbatdw oflepositéchon blade tip 214.

Although a sindle: piadeA05,810 M08 VB R SGIRGAAG T ERTS Rldeshrlpyan, In actual

operation, gas turbine engine 220 may include a plurality of es. 101341 During opgration of gas
turbine engine 220 s 200y Sfiasresdava e Blagetitale 222 in a direction indicated by arrow 230.

In general, the powey andafficiency Hf-9as subisggeone 2ROLaNPS increasedPyregycing the gap
blade track 222 an% blade 200, e.g., to reduce or eliminate gas leakage around blade 200. Thus, gas

turbine engine S20PRIdSrILY EXaribieBciSRBRHRFRS fLIIBNS Bt t6 s aerabitginto surface 224 of
turbine substrateo?2® (thetehyidedising blatie drack AR g ndichereatemalseatbawerndlade track 222

I addtion. 0ceAuional uSent B o g SR TARAGERON e LUBeH 22 g the operator
of gas turbine epgingy 223 ydayTarsapladmtipy 206 tesinpingeooialtgrinnessalgsiiter?®6, creating high
shear forces at Qﬁ%&ixpog%ﬁrusoidal grooves, circular depressions, elliptical depressions, or

combinations of these features 34. The features 34 may be formed by, for

example, chemical etching, photolithography, laser machining, electrochemical

machining, electro-discharge machining, micromachining, vibropeening, or the

like.

[0113] As described above, first location 112 may be selected or determined based

on a prediction of thermal stress that substrate 26 will experience during use. In

some embodiments, the prediction of thermal stress may be made based on

experimental evidence or data, such as data collected during use of a similar

substrate under similar condition to those which substrate 26 will experience. In

other embodiments, the prediction of thermal stress may be made based on

theoretical stress calculations based on material properties of substrate 26, bond

coat 30 (see FIG. 1B), and/or thermally conductive layer 32 (see FIG. 1B) (e.g.,

using finite element analysis).
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[0135] To protect against the various forces acting on blade 200 and, in particular, blade tip 214, one
or more protective layers may be provided on blade 200 and/or blade tip 214. For example, a tip
coating 228, which is described in greater detail below, may be provided on blade tip 214 to improve
different properties of an underlying blade surface including, e.g., wear, corrosion, hardness, and/or

temperature resj roperties of an underlying blade surface, Additionally or alternatively, a
protective coatir@iqiﬁﬁ e&%’ﬁfi%ﬁ% 1&5 égnft%@‘g#f‘%if’ﬁ%ﬁaﬁ%@l didg prseds 5% 18 fhprove different
properties of anfemdenyihg bjddefsuitada, dncomel exaimplad, Hisaib202 peay Téceive a coating that
reduces or substarlteizsiélgiglllif;nripaggg '{Qe detfgqcts ogddatiolnl or corgos.iorgi on fairfoil 202 Regardless of

the specific number or specmé) type of coat?r%ns gﬁpﬁg%‘yto Blade %Bsﬁ‘n Some esfg?ﬁlgles, blade 200

may benefit frorrthie fedtunesomndmbraljm oftiestared gesclibbaiy teeldiselbsubeiafiizBe] FIGS. 11A-C

are cross-sectianal HAQAMS PAHSKAPRIG Aol SHBSUAIR ARkl RHlade 200, Airfallsubstrate 2321in
the example of FIGS. 11A and 11B includes four features 236a, 236b, 236¢, and 236d"(collectively

"features 236") RSrEABASHRS Stk RicEtonBrrdimsil Ybstrate 232. Conversely, in the example of FIG. IIC,

airfoil substrate @323nshudes fourdeatdrs 236652368 123hBn23ah{Agsincelipetively "features 236")
extending out of surface§§8 of airfoil sgubstrat 32. Afirst coating 234 is formed on both surface 238
and features 238 TS AGREDA" R 1898%?%@ SFRIGUTIEY SR Oty RS €S med on first

coating 234, sudaceg238, dmdofeatunds@36n{Q1Ba ptadiaiious examylesesurfacee238imay be leading

edge 205, trailiig, eelas, 00 SRS HaRwal £10 SUEIRNAIIE WAl ARy RiRde R 214, o another
surface or combination of surfaces of blade 200 OF another mechanical System component. However,
for ease of desdiptien suhsiraice 288 sinHer fotloliig extnmlesichdeberived@wihart of blade tip 214

defined by edge.23&;dishall Be.undiassianddhonatphattag disrlesureds aohlmied .this respect.

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).

[0116] As described above, first array 116 and second array 118 may include first
and second patterns of features 34, respectively. The patterns may be defined by a
shape, size, depth, pitch, or cross-sectional profile of the features 34. In some
embodiments, only one of these characteristics may change between first array 116
and second array 118, while in other embodiments, two or more of these
characteristics may change between first array 116 and second array 118.

[0117] Although not shown in FIG. 9, in some embodiments the technique may
optionally include forming a transitional array (e.g., transitional array 130, FIG.
7B) in substrate 26. As described above, the transitional array may include a
pattern which transitions from being similar to the pattern in first array 116
proximate to first array 116 and being similar to second array 118 proximate to
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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[0138] In general, airfoil substrate 232 defines a surface 238 that is constructed of a material suitable
for a specific mechanical system operating environment. In some examples, airfoil substrate 232 may
comprise a superalloy including, e.g., the various superalloys described with respect to substrate 26 in
FIG. 1. 101391 Surface 238 of airfoil substrate 232 may be exposed to environmental conditions that
have a tendenc orrod a%ade, r. otherwise degrade surface 238, Accordingly, first coating 234
ey be forme Ui el S0 i et L At e BrStaLb i S S L
environmental denmeitizngotmsdbmewsaniples, fivshd oating) ZBIOMHY) veag Ilddeniid coating that is
applied o at leash biao,Hp: 7 pladei209 R BALS ATIAde.200 M, alse g oated with a

blade tip coating. In general, a blade tip coating Is a coating configured to provide protection against
harmful environfrielsesriesaahiiss thad apeteidenehsdudy BladetishaspaMEtin X1aienay experience
high thermal ang{gesheaifaraesol B siliadS iR aasing May.RerR-coRlna thatdmparts wear
resistance, corrosion resistance, thermal resistance, or other properties, or combinations of properties
to blade tip 2142RERSHEHTPEBRTE WA MELvhen first coating 234 is a blade tip coating, first coating
234 may includgoanalBayndseich Hsraal by Ad Xty Qubargdvb ésblyefdcex dNipel £aalinations thereof, and
Xis'Y, Hf, Ce, Lsafas1i QEngrer&QatLOc S thqr%%f . Fror .examBlea.first cgatin . 234 may be a CoNiCrAlY
alloy. In other e>Pan'\{pff@s, Irs o’a?mg 331 Er‘nay e Caramic-metallic M é??ale{\%hi% may also be
referred to as atwenmetymctermlytdaposigopexkuittity lemperatuedibn dBved cresMiamgebproperties
suitable for bladg,fip 244, FxamRles.ala&ulRRIeiCeIIeh MRsHAlOEds bt ARapt limited to,
MCIrAIlY alloys (where M is Fe, Co. Ni, or combinations thereof) with one or more niodifying elements.
Examples of m&diBfiiecbtemiarianacnded butirebase afitéd toapielers dispersishs of alumina,

chromia, chromygpy &2y BigiesandcRNINaER{hraePHIB Rihrs exRmPIea: itshepating 234 may include
Ni with an abrasive material, such as, e.g., cubic horon nitride. In yet further examples, first coating

234 may be a yﬁﬁ’é@fﬁﬁ]ﬂ?fz@ar?ﬂ%‘?ﬁé?&W%%Piﬁﬂﬁ%@?i%ﬁi‘&lfﬁ%g ey 68 ¥drmed directly over
surface 238 anphfeajurésrd3tmaionay bosteashib® farmedioyeiaineneilmate difieyenFceating layers,
one of which is i turn.formed directly pver sur 238 and features 236. For e le, a
yttria-stabilized gz%%%%%lg@ngreﬁ%%g@é ?%Crcr)%te%%o@ggangllﬁﬁig X ayaeiryytﬁ% ‘%‘ﬁgmedg‘%eé%%x alloy. In this
regard, a layer thapiristuddsist MEpAIXvalioyymbmdtenctionnabidibaridreoatodnypree adherence
between surface, 238, and: features 230 ans Shenitia-stablizsd, zicania laver [ 1aplAs described,
surface 238 and features 236 may be exposed to a yarle'z;f different harmful environmental
conditions inclusfiliEd zisriiata dasrapehatitsssttd iprd dafiris ardilietive iorEORYSIVE species, and the
like. Thus, surfagendagand fealings#3Gninavariety of examples, may receive a plurality of different
coatings (e.g., two, three, four, or more) that, for example, each protect against a different
environmental OGS RS mBt RS K SY STl BAV RS AL LB ROTIBRHIEY A% Wihe&ample, HG.
11B illustrates fissicsbating:1ayeroa34pprick saarndseo alingpAzriatenedsovensstiiace 238 and features
236. Second coating.242 is generally selected to provide protection iInst one aor more specific
environmental c%“ﬁ%?ﬁ%?n%?{fh%%%Hnoé"oé)ffé{r%gﬁeréfd%“ee%?&%?éyé% |%%ij?%ay frﬁlﬁ%ﬁ%nr‘??oéroé%uce or eliminate
oxidation of surfapec2Bsatahd Yeateirpe238nathlys] Secdind poatiity eZRamaalibenanlaiidation-resistant
coating including, bt nat imited Q. analilreinide coaling, aieh,as & RIRRU-AUMinde diffusion
coating, or a platinum diffision coating. It shall be understood that while in the example of FIG. 113
first coating 23413%e§RéwH efatembrs sueripeips thameptbaiiresDad asgidP 3aenke doamedy 242 is formed
over first coating 234 diffesentsaxapries-dhepasition of firstsoatings2@4rangdysecond coating 242

may be reversed and/or additignal or different coating layers may be provided. [0141] First coating 234
and second coafiiyBs &y We e midteo i et RrE s s tehy kM e eS¢ PREPERSBle, a thermal
spraying technigue, isubts asnaisptasnte spiayisn aheARISintevoprasstieplasmasipraying L PPS), high
velocity oxy-fuel,spraying (HVOF), electroplati r.the like, [0142] As described abqve, features 236
of substrate 23 ?nnéa fﬂang’%ofﬁo o%b vent 5'? CQﬁ%nqgﬁ?%hFﬁrtgt%@é%%n i%gl gr’@/é?%@%o%nd coating 242
from surface 238 reanhel28tsmay comibspovith stapstartiblks vithifedherenB6idesatiized above with

respect to FIG. 1,1n geparal. RaES2A36 distnt thedslativenlanatina et sudans.
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238. For example, each of features 236 may form a discontinuity in surface 238. Features 236 may
impede crack growth in first coating 234 and/or second coating 242 in a plane parallel to surface 238.
That is, features 236 may result in an interference between surface 238 and first coating 234, or first
coating 234 and second coating 242, that breaks surface 238 into an array of smaller segments. The
transition betwe%n different segments of surface 238, e.qg., at each of features 236, may limit crack
growth and may Bdrtaitt CFALRTFFAMRATE S Shghe do Msttixe dovertghscedrehticanaitk forms, crack
growth and coatingladlerinatipnisindteghiedopartiomhabens afeattte Rybeswempifferent features.

[0143] In additi L g%%ttﬂrgs 2 Girrps% increase Qe surface area ?f surface. 238 to irc%mote adhesion
between dissimilar Mateniale, &.0- SuHAce 238 aRd ST ROStIRY %55 08F fit & '@oking' 234 and second
coating 238. Feutiteig!236¢didinpt frecralapiee yitdaatity bfsurfacaia 38 andtabilyzeddat@iatructure that
first coating 234, and/ar-secand a9afing. A4 2,680 adhere.9::Eiis coaling, a4 and/or second coating
242 may adhere to out-of-plane surfaces created by features 2 6, thus resuﬂtlng in an interlocked
network of first E8atlHg DR HndIsHisekond seming Zudumitsedmglymidattices Beeafay provide
mechanical supgidthatRrMBNISsAlIRAUSRS QE%K}%@%B(B&Q@@?%%P{B}%HQU of first coating 234
and/or second c?i\gpgﬁfz. [01441 Features 236 may include, e;%éf d%'Bressions in surface 238, as
shown in FIGS. N IR hHHPITE SPHRIgUnEns: iHrs{rsicen B 40 sdating oo sh 1 132y 400 RS#S4 Bombination of
depressions an(irstajettiansnfF eatone sharawinciudeavganaiadly rectanaulicresssection 240, as show
in FIGS. 11A-Cm%rterﬁgly '}ﬂ%l{desztaanddfggéelg ere glslafse%;or%alé)r{?file.tAs xamﬂgles,lfea'ggres 236 may
include a cross-sectiona profﬁe or combination of cross-SectiShal ’par% iBY RS SREES B)ve, e.g., with
respect to FIG AR disizddiiopratiexahimplesie&iutesiZ86raayidholudecadrosst sebtional profile
illustrated in the,examples 9f &%al%é%i&%%ﬁgﬁg'80&?‘9;%@%‘&@@o ﬁ%gcAl a {gature 236i may

include a generally arcuate cross-section 250, such as a halt-circle or another, lesser, portion of a

circle. In other eREIMplEIPaRs SHRDSUPSERE S 6 PR Bontan b atdhite 2363asnay metedel hagenerally

triangular crossceegiinen2ePiarigaturpA3kk mandneiudesaaney ally aprzgidat fgssssection 252, or
a feature 2361 may include a truncated arcuate cross-section 256. Such cross-sectional profiles are

merely example{ PR GoLRLEd ot Brofiis B GrRs e isThibeag g8t tiNcayttion, as described
above with respirtiid felenbifeatargsiRattivayane odenshanpl edges, sowngead esdges, or a combination
of sharp and ro daes..As one example, FIG. 12E illustrates feature 236n, which is an example
of feature 34e (ﬁ@%ﬁﬁ%ﬂ% troetlilﬁ1 neﬁ el é%%vfé:@.'e,&s& lgrrl?g?#é? @a}%p%{t fd? Tfl'—i}fllustrates feature
2360, which is m%@anﬂe_@ﬁfé@%@re@mm&méﬁlﬁé 28C}With hosodednedgen . Other features,
as llustrated of glepering it iemesaaLdistiosummaxRe aAaedwi undgd edges Rounded

edges 260, 262 may reduce stress concentration that'may develop at the edges of features 236. For
example, roundBPEAGEEDE tho s mapd e eigectheofimsatofh e paretitset thefitscmon that may

otherwise be asseeirtactmitnjaatures336 thavinglude shamn-edgesnt SUESRIHSEHFAtion may
concentrate out-of-plane stres9 , ther%b¥ promoting crack formation and crack growth. As another

S
example, roundS8SHEELDED 262y PERELE SriBIfkhG R TR S HRIRS ERaeby Wifting the coating
process. For insteheeafeatreindiss. thatineluddsliamedgesnday-atauy first coatngy2s4 to bridge
petween differen} [eaiuen.ahlaaiee a30 duing e ARG OGess i aesul, it goating 234
may cover features and bridge between features without Covering Sutface between
features 236. Brdgirgthaayalbsulsitpiocsalized Stress Mab promopescsaciafuirivatiossand growth.
Rounded edges;260..4%1: paysseduce or eliminate bridging, and, hence, stress concentration. By
reducing stress concentration, rounded edges 260, 262 may increase resistance to the formation of

cracks at the ed§&&brifeifeabodinetags Nysspignind i€ as g thempbitired 286 may be formed

proximate to edgge26 phblade incAldin Someexaaiesmhlade tini2h4may define.a plurality of
edges, and features 236 may be formed proximate two or more edges of blade tip 214. In any
example, featuré§236 rﬁ?ﬁg?a%éugﬁf%&ilé DERPAasTERf48 9R8 BYTRGtARterie Al Walie 216 on the X-Z
plane illustratedsorshBal klverSutkrackanehgemanhaayhainp evenrtdel sminatonetfirst coating 234
and/or second 1Q%O%4%vzsr%mtso%rg ce 283@. }i/}]/hik;:-1 nlgtlvvi%ﬁ]in to qjetbotunﬁb any particular theory,
during operation of gas tur]blnegenglne 2 , Varions 10rees The iﬁ‘é,seefré.l,a{ effaf&nd shear stress
forces, may conteditsateanasdigersnd ofashadedip@tglidive of first thermally insulative layer
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concentrated forces may promote crack growth that can begin at edge 216 and extend radially
inwards. By arranging features 236 such that features 236 do not intersect edge 216, however, crack
formation may be eliminated or otherwise relegated to a small region of surface 238 adjacent edge
216. Accordingly, even if a crack forms, the crack is not allowed to grow to a point where a large
section of coating layer may delaminate from surface 238. In addition, because blade tip 214 effects
the aerodynami€petforaigheea Aid therieal lefirdeatye dixsadtubbirleesnyineded: arranging features 236

such that features,23Gdonotiniarsaciedos X6 mavarovidebetispacrosynamicipgformance than a
comparable blade tip 214 with features 236 intersectinﬁ edge 216. This may improve the power and

efficiency of gad SHDIREGHGREDS A Hs dRavaing YorO4R EodiEr b Taswine147] Features
236 may be formed!"jroanrariayueoNPASHO R Pueliv 0t faatinesxddtis @Ry &3k diystrate a
number of exemplary features 236.and arrays of features 236 from a plan view. For example, FIG. 13A
shows an array do%@%é%ucr%% gg&‘%ﬁ%ﬁ&m&”&‘%@r‘gﬁ a&"ﬁrf%%??%%ﬁi’ﬁe@ %ﬁp THVERS e amples, linear
features 302 arél rooved B024dithatteréatendepressions iatbesuifbee 238-ampsnjecthonsc302b that
extend out of sugfac ectively, referr "linear features 302:), Linear features 302 are
oriented substant%%%%%%(lg %%%gacg)r%&otﬁegﬁfﬁag %gag%]rgﬁgén 5‘#?)%&#?7‘13%%%68%‘1823%7 Linear features
302 do not, how&EpVintbesael eme toksrse oh bmmdnrerigdment may segregate surface 238 into a
plurality of domainseachdamain beingiecaied betweepadianentinepfiaies. As described

above, this may reduce or eliminate delamination of a coating formed on surface 238 while maintaining
suitable aerody VAP SEThancu e ArRasu[hiTsa) drarlfiealensatinés 59%ddo not
intersect edge 2datditblade dip2pR, Wheome:exampipsiniogak faaires 302 mayaadmmediately
adjacent to edgelgélrgavgithao% in r%,%ctin%fdi%e ]t.6. T othgé exa;g Ilgs, linear features 302 may
arranged a minifnum distance 304 away rom sdge” g PAFEIY ¥ ires may be arranged
between at leasteapprafirmatelydeahitp{ill. (OO mbheskhing apirexiniatel y @e0ntidEyaway from
edge 216 such aerifAREeED AISASHAPRIGUIAIS S0 MR S0 ARRIRXINRIely 125, mils away from

edge 216. [0149] In some examples, linear featu )2 may all be approximately tfie Same width W,
as shown in FIGoIBed 1y denesiarafsidseromd v mmbne VinbaefoaturedaBoytiagkieyarsifferent width W

than other lineakfigatusesddQeld Same ﬁéﬁﬂ&lﬁ!@ﬁlsﬁl‘é}ﬁqméf’epé_?.a‘l}ﬂi?gtllj%acfuﬁ%}ﬂEﬁa':‘y?’oz may be

between approximately 0.005 inches and approximately 0.125 inches, such as, e.g., between
approximately O°B04 ifdREBALiRS ShrowmHitbn v 6roed fetiess (B1ubrhmiesnthmetstediures 302 may
be spaced approtienateiy sivenfirsapaensiymeylaeepReedodifferent distaacas apadidhg distance D
between adjacegll}blirgae%[ fciea%v res gg%cm%yf be referred é%?’?s pi ch,t and in some examples, may vary
between approximately 0.1 nehes Ahd Approximatel) U5 hasa S RichHee 8 85 Between
approximately 0d¢pSsitiches g spprexirtialiply 250 inchescdngstmevthanipias;ithiy pitch may
increase Or decyeass mepRiosaly,dn QIher.e% las, the pitch may increase and then decrease or
may decrease and then increase. In yet other examples, as illustrated in FIG. 13A, the pitch may be
approximately cBHSANt Torsh Varineafersatirasdzommay fatses {anet)ivkorogesettional shapes,
including, for exampglacan ¥ BeateidiineatadareHate.Aeanauiar tkanggeidal, or triangular
cross-section, as illustrated in FIGS. 1B, 2A-2D, 11A-C, and 12A-D. Each of linear features 302 may

have the same EBRRIUBEREAKI LR HISSARIdaSPbHE B eap hiaiivas Y corEgwalens different
cross-sectional pfdfdesthamanother e chlineardeaiusasi30z.fhedepthiehgasbmtlinear features
302a or the height of each linear features 302b may. tween approximately 0.004 inches and
approximately O. 25 Jhe rtggéc. a ?g?lyegé B?Sﬁﬁ%té?f%i%?rgs §§alh\§l§))§?e%ﬁgeeggt&‘)odo@§tbetween
approximately 02094 flitlohé&ztand appreximetaipdl 02Gincheschelpristhe e planeicefined by surface
238, or each of |i f 3020, extend.be ' ly 0.004.inches and
approximately OB(F}?g Eihect%{ggiégove th%?%-v plane%éﬁlfé%) ??)? gé&; a@g%g% ?lpn\g@ln?(ea examples, the depth
of each of linearRPatEREE3b2% 6f thid! fetbmest BuchilbMiuatife seares BorBalayibe between
approximately O dnches and approximately 0.008 inches. Similar to the width W, the depth of each
of linear features 302a or the height of each of linear features 302h may be approximately the same,
or the depth of af leasI A Amext fe it e s58 Brime margharaemhistanecsftmest features 302b
may be differentithanableast ane af ofhetusbiiveapieaties 302 thaeepthuphiaach effinear 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 'gt}crease.



[0152] FIG. 13B illustrates an array of features 310 that includes a grid 313 formed by a first plurality of
linear features formed substantially parallel to each other and a second plurality of linear features
formed substantially parallel to each other and substantially perpendicular to the first plurality of linear
features. In various examples, each linear feature is a groove 312a that creates a depression into
surface 238 or projection 312b that extends out of surface 238 (collectively "linear features 312" or

"grid 313"). In ofi& BRAHHRCTREE TERUAY S TN ich igPetes FEYUtinG M plbedai8s3L4. In another

example, linear faattie@bcasalbPIOiRCRARSJESEHINBNHERPFeRSIONS 3 A ALEINatYSIV Grid 313
includes both grooves ?Qed roiecti(t)ng. For ixamgg[e, the first plurality of linear features 312 may be
grooves 312a afid the second pritafit &t e SFFEKRIES 415 AP b ENSHoTe aliahiadd 58kn another
example, the lingaz featureseragiatteMate betwesmgroavesabehphiojections intueing, e.g., one
groove followed reject rality of grogves followed. by a plurality of projections.
Further combingg%}\%mg‘%%g%gggrl%rgrrg}ilgi%%’g%grgéeg%ﬁ%g}ﬁig:ﬁé)\'[%(gdfrr%‘gp%ménnﬁlg he specific
selection of grod4&3% A prsiestiershidrithaesudre datedbsd fbee: 288ty aghite adity of domains and
impedes cracks{iam GIowina e ADS AMAIRA AR AdiAsaNeman,LOA5R: Aliay, of features 310 is

formed proximate to edge 216 without intersecting edge 216. In various examples, array of features
310 may be immEHiA i aHREHE Rt 6 Rithdtranrirsatirlisalpswe snak brreplisedifples, array of

features 310 may aifRrgedypeavmicomm disiRRGCAWaM FIRND L EREN &P IARIILiBgd @rGenminimum
distance 304 detscribegayl\,/tiitc eresrgect to FIG. 13A. 154]tlr}some examples, each of linear features 312
oriented substartially héFzontally i B PABAY HEVE A A VAP RN AR Eeinstthe linear
features orienteteswbstantizitiny drtioadhdianfiGle 3B gmayshaverm sbenefit Widthoé2rlmgeme examples,
first width W1 idth W2, while in other examples first width W1 may be
different than :;&yéotrl?(eje t&v?%ﬁ%ﬂ%%é%ﬁ%%%ﬁs%%é% ggfriﬁb?ésb ?ﬁeﬁ X/v%ﬁ%rcl) eatalté%%% one vertically
oriented linear faktaHs-imegrding Bubiay bedgitisfeils fham ahetywitt of ginother vélidedily oriented linear
feature in grid i3« Similathiihe Wikt atieastans herzaaillygriepied linear feature in grid 313

may be different than the width of another horizontally oriented linear feature in grid 313. In some

examples, the WA HAHE BRI By Rertbifg dpiartsl MaBHR S anpe HPETREA IPRRY increase or

decrease monotorieadhl spdile iduaithesexamples, tbavgihgthoizaniatyieryedigally oriented linear
feature in grid 31%@&%&??%%%3&9?(1 the decreasi og@gcre se and then increase. The width (W1 or
W2) of each of thedinear teattire-in gria 313 iy HehaRie 8K ShpBRMART) $:Bt8 1dh¥s and

approximately Oth28rinchths, atfoHsabralg inbetwesnuayd prokiadately 0 DG4rinchésapd approximately
0.008 inches. 1Q12n1 Adiacent parallel linea i arid 313 may.be ed approximately
evenly apart, or r?rjway be ’spgéed_ differeﬁt dist%{‘ﬁ:%‘tggagga%%gggqmey %%(alrrﬁ%l%%gi%t%g% 3i§t§nce D1 or D2
(also known as Fiftisioihpiethcpperidenmaskanden vatgmie Zherelrading vatipbetweratapproximately

0.1 inches and apgrQXimMaia:OaAdUhRS FRRlH RS 6 nDENVEE R APRIQXIBAIEN:Q 1P inches and

approximately 0.250 inches. In some examples, the pitch may increase or decrease monotonically. In
other examples TREBHEH M%E@égﬁeﬁiasthgﬁ I580re Q5 81BR IS the efEsseodirthen increase. In yet

other examples yasdllustiatedhiblid&aid3B nibe ek dnay Berappiaximaiely &opstaat4n addition, in
some examplesbtlralg dist nee D1 bﬁg\é\/een a j[ace t linear f;eatures in a first direction may be different

than the distance D2 Between adjacehf AL RGO Sehh fiRdetio ° pagsAR@amples, the
pitch in one diretlidn tinalpimy epsetomdddreaseryithicogiic Sthas prhile thie pitete iuagecond direction

may be approx'%}%&%lgoﬁ%%aa@sto be subject to forces that promote detachment between a coating

layer and an underlying blade surface. Ifa coating layer detaches from the

underlying blade surface, the protection provided by the coating may be lost,
potentially reducing the service life of the blade and, more generally, the
mechanical system which includes the blade.

[0131] While one or more of the techniques described herein may increase

adherence between a coating layer and a blade surface, one or more example
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[0156] Each of the linear features in grid 313 may have a variety of cross-sectional shapes, including,
for example, an arcuate, truncated arcuate, rectangular, trapezoidal, or triangular cross-section, as
illustrated in FIGS. 1B, 2A-2D, 11A-C, and 12A-D. Each of the linear features in grid 313 may have the
same cross-sectional profile, or at least one of the linear features in grid 313 may have a different
cross-sectional Ferfzg.e than another one of the linear features in grid 58. The depth of each of the linear

features 312a of e ARG ST DL SriMBRY RataRle B Rdy BEBLIV BN BEABRhately 0.002

inches and apprgximaiehe0ifapiinckesclimsamesanpliescihedepth ofeaghiofiibe linear features
3l2a or the heightgf ea ulgagelinear features 312? me%ﬁ he betwee}g a%%oximately 0.004 inches and

approximately 0.008 Ifiches. Simifar to the Width W AR SRS BRLH Of tHBFSSr features 312a or the

height of each oﬁlﬁd@amid@a@h@@l@bﬁnegrwcawmyéberwapbmdmﬁm&thmﬁh@ depth or the
height of at least,an afinear (aaliues 312 ayPe different ianatieastone giher of the linear

features. The depth of each of linear features 312a or the height of each o eatures 312b may
increase or decréRigYstbribiarisuiycormbfdrirodddnsnblthici didréansdormdebranse and then

increase. In someRxampleseibe: depthuef rashehlineanigalbres 342a.04 hgheight of each of linear
features 312b oriented_in a first direction, e.(%. vertically in FIG. 1313, may be different than the depth

or height of the et festaré &S MU A RHEsRE dREERbA &5 GmAGZafRa0) WHHEME3B. In addition,
the depth of eadhcbidinfeanfeatmes3i2atkinedeight dhgacholingse atyesddheoriented in one

direction may change.within grid 31 hile th or height of linear features qriented in a second
direction within %ijr}%g%.?[@ r%glyggﬁyagé%%rsng{g ;ﬁ g(?nzos %aﬁzlr*? ef%%?ﬁq{(ni%%ﬁefél ??3%85?9510 fifustrated in

FIG. 13C, an ar@y@fﬁead&m@@%%é@h@gdé%,gaript@fssinG'smiwallfé?ﬂuat_es 8aRdienvarious examples,
each sinusoldal faghie 5 Aofned 4 G1BRYA 1L GIREIES 7 GRUERSIPR.AIp surfRce 238, a projection

that extends out of surface 238, or a combination of grooves and projections. In one example, all

sinusoidal featut&slRgcdesinge i grobuesdesditag thratdlads 200 defigesddatiesnated in FIG, 13(2).

In another exampigsral §imﬁ@walﬁﬁaﬁ@m§ym%g&ﬁ@%hyaﬁr@eggm)@swgmia sepressions 324.
Alternatively, some sinusoidal features may be defined by grooves while other sinusoidal features are

defined by projeiBIE. RSP SLERI8 YEHE SR BALBRIHINNEPemtstital tatrésadP Becdefine by
grooves while aripthiel; sadwsepcatesin suefaceroablaiemt pow Bsaahsag;a0eay saerdefized by projections.

In different exam ~grid. 322 .may.alt e hetween grgoves and projections including, e.g., one
groove foIIoweda[[)%g §n2§%r§%a§% é/% eaﬁg%l?rt[é %n eéFt%eo%Qeé, oriowesd %ﬁéﬁa&g&iiﬁ%f projections.
Further combinatiohencidgroelied asehprajectivasidrencoiedlateddge 216.

[0133] In general, blade 200 is a component of a mechanical system including,
e.g., a gas turbine engine. In different examples, blade 200 may be compressor
blade that imparts kinetic energy into a fluid or a turbine blade that extracts kinetic
energy from a moving fluid. FIG. 10C is a conceptual diagram of an example gas
turbine engine 220 with blade 200. Gas turbine engine 220 includes blade track or
blade shroud 222, which is defined into a surface 224 of a turbine substrate 226.
Blade 200 is shown with a tip coating 228, which is described in greater detail
below, deposited on blade tip 214. Although a single blade 200 is shown in gas
turbine engine 220 for ease of description, in actual operation, gas turbine engine
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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In any configuration, grid 322 segregates surface 238 into a plurality of domains and impedes cracks
from growing from one domain to an adjacent domain. [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 edge 216 including,

e.g., minimum di&tEh &8s 3R eSOt PRlradpe: amees 3ncqnigurhe flltnepadscribed above,
each of the grooves©itprajestionsrarientedinadite disegtiRmnmmbave dfirshwigthow!, and each of
the grooves or projectiqns oriented in a second direction m ave a second width W2. In some
examples, first \%ﬁi%s%vr Shrlﬁéf Ba'é §%1ar$1%637§e§%%aﬁ;3 Wﬁ%r\%/m@?@%he?&amples first width
W1 may be diffeﬁemdiﬂm@emm M_H@_ﬂmmiﬁmsmgmae@mpte$m vi/;i;dmzio_flat least one
groove or projegfignigfientadiing iistaiastion inond 322, mayeediigient han ine padin of another
groove or projection oriented in a second direction i ar 529717 Some examples, the width of grooves
or projections oflefitedhin e eiriite dfrsetibrbingritBe 2 aysincreasklaledac?édse impimatonically, while

in other examplsﬁ,tﬁmwsims%g:r@@y,e&%@gqjFg%t@ﬁﬁr%%geﬂ RAsipglg direction in grid 322 may
increase and then decrease or decrease and then increase. The width (WI or W2) of each of the

grooves or projditmisin AT S22 he Bette &y s srsnedlidr 668 snendarisdpproximately
0.125 inches, sichiaspe b, betwesnappeednatale 804 nches Rvd appraxinmatehy@:008 inches.

f0160] Adjacen allel. grooves or projectjons in. grid 322 may. be spaced approximately evenly apart,
or may be spacttejﬁzi{%icrﬁrlrl r%qn ‘g%;%%aespg%ja"ilrffpsfﬁfﬁérgtg%%’ewé%%\}%gq?g&‘?&l N IRAHY in FIG.13B. In
some exampleshehevdistaheeidtideddR (dislo ripfeiret imaspitdifttrentpitcheAjd3etivwen adjacent
grooves or projections;may.yarypeiween approximately 0.1 inches and approximately 0.3 inches,
such as, e.g., betwee%%épp?oxirrlllately 0.1251 ’c% é%ﬁﬁ%xa%&%ﬁé?r%’aﬁt%‘i%“(ﬁ?ﬁg%‘ ?r?é:rhes. The pitch may
increase or dect@aBer#HBpGtORIaaNy PrABS e ascinfet ittins kledesatecamdddidionrsdiseoand then

increase, or may| e APRIPIARNY ARSI InAdditipp thedistanse Rikheswesn aniagent grooves or

projections oriented in a_first direction m,a%y be different than the distance D2 between adjacent grooves
or projections ofEAfePiA 4 -dadBIIA SEliBis iR sBRTEcs R #plagienhdnsiiiadh YR@Girdetion may

increase or deckease:vdthpregrigk 3222 00higythe pilch i Aiseonnddirestignmarrapproximately

constant. [0161 1anle %mqﬂgug%c%%f (t)f)}%gtll%%ance from line 32 'g)z% fegggglf Cﬁégso(\)/feﬂ% projection 328,

of the sinusoida glyro%vgss OF projections i gHu 357 HEY VAN ER
specific number or specific type of coatings applied to blade 200, in some
examples, blade 200 may benefit from the features and arrays of features described
in the disclosure.
[0136] FIGS. 11A-C are cross-sectional diagrams of an example airfoil substrate
232 of blade 200. Airfoil substrate 232 in the example of FIGS. 11A and 11B
includes four features 236a, 236b, 236¢, and 236d (collectively “features 236”)
formed into surface 238 of airfoil substrate 232. Conversely, in the example of
FIG. 11C, airfoil substrate 232 includes four features 236e, 236f, 236g, 236h (again
collectively “features 236”) extending out of surface 238 of airfoil substrate 232.
A first coating 234 is formed on both surface 238 and features 236. In the addition,
in the example of FIG. 11B, a second coating 242 is formed on first coating 234,
surface 238, and features 236.
[0137] In various examples, surface 238 may be leading edge 206, trailing edge
208, pressure sidewall 210, suction side wall 212, blade tip 214, or another surface

or combination of surfaces of blade 200 or another mechanical system component.
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in some examples, may be between approximately 0.2 inches and approximately 0.3 inches. In other
examples, the amplitude may be less than 0.2 inches or greater than approximately 0.3 inches. 10162]
Each of the grooves or projections in grid 322 may have one of a variety of cross-sectional shapes,
including, for example, an arcuate, truncated arcuate, rectangular, trapezoidal, or triangular
cross-section, as illustrated in FI%%. 1B, 2A-2D, 11A--%, and 12A-D. The cross-sectional profiles of
each of the groovaLSF pofedis s Fiy Becthd it 3t Iy bo a2 Rls tispth of each of the
grooves or the kesghibef eapirioffthiederdieztid dsfimaly yebetweeniagpiokimateisd02 inches and
approximately ' N e examples, the qg th of each of the grooves or the height of each
of the projectio%g%%%a{{yqﬁ%eégt\iﬁ\}ﬁép g%ﬁfo&%g?éﬁf/ddfb Siheéﬂzcé'and approximately 0.008 inches, In
addition, the de[fth381 & kasrdneirbiitiebgrocyes? definesheigtieef 28 dastionensfrtheprdjections, in grid
322 may be apprarmateliibasane femayhesiffesat thanakleast onaehAngings groove or

projection in grid 322. The depth of the grooves or the height of the projections may increase or

decrease monotOHEANHINSS ML e then oscreassise R qupsenlsy Hivirdiag merdhge. In sonic

examples, the depibuotithergnooyesaisbewrgigbtlthe projestians eranted in a first direction may he
different than th #eg?t of.the grooves Q[ the heigh}% of the projections orignted in a second direction. In
addition, the de& ot (h §FS e bP Y HERSHELST 1 BrS; B FSRSETih B AR Birection may change
within grid 322, avhdgitine diepblaefgradvesy oo therbéighirali¢her prbjestient: gridatadfira second
direction within gyi roximately constant. 101631 In som amples, a surface may
include an array%?d?s&%crﬁgagﬁﬁgsg ?%§%§§ﬁ¥ an %Spfa%g?%%gg an |§ ?egg%}t(laﬁ}rl?c?ﬁg eatures. For
example, FIG. Fﬁﬁ)tﬂIB&V&%@@Wat#@yﬁ@frfémm@@:%@nhiar@inmméscmqumrﬁtﬂmﬁmcuIar features 332.
Similarly, FIG. 13k.ilustraesamauayLhisaiues 240 hatipe s apliiality of Reyagonal features

342, and FIG. 13F illustrates an array of features 350 that includes a plurality of elliptical features 352.

In various exarpids, Baek Qfditdr, HixdgbRapasia @ Eniptrcal fentid iz aedssithaollectively

"features 332") pay bip aodepsessiomadRa, bidlaiB ol sWiac238raRaiesiri R82b, 342b, 352b

that extends out of surface 238, or a combination oI depressions and projections. In
protection against harmful environmental conditions that are experience by blade

tip 214. Blade tip 214 may experience high thermal and/or shear forces. Thus, a
blade tip coating may be a coating that imparts wear resistance, corrosion
resistance, thermal resistance, or other properties, or combinations of properties to
blade tip 214. According to some examples when first coating 234 is a blade tip
coating, first coating 234 may include an alloy, such as a MCrAlX alloy (where M
is Fe, Co, Ni, or combinations thereof, and X is Y, Hf, Ce, La, Si, or combinations
thereof). For example, first coating 234 may be a CoNiCrAlY alloy. In other
examples, first coating 234 may be a ceramic-metallic material (which may also be
referred to as a cermet material) that, e.g., exhibits temperature and wear resistance
properties suitable for blade tip 214. Examples of a suitable cermet material
include, but are not limited to, MCrAlY alloys (where M is Fe, Co, Ni, or
combinations thereof) with one or more modifying elements. Examples of
modifying elements include, but are not limited to, particle dispersions of alumina,
chromia, chromium carbide, and combinations thereof. In other examples, first
coating 234 may include Ni with an abrasive material, such as, e.g., cubic boron
nitride. In yet further examples, first coating 234 may be a ytiria-stabilized

zirconia. A yttria-stabilized zirconia layer may be formed directly over surface
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one example, features 332 are all depressions. In another example, features 332 are all projections.
Alternatively, some of features 332 may be depressions while other of features 332 may be
projections. For example, features 332 may alternative between depressions and projections including,
e.g., one of features 332 defined by a depression followed by another one of features 332 defined by a
projection, or a B %gt&/é%?tr%rsefgg% defirledt % cge%réressi ns followed by a plurality of features 332
defined by projections. Further combinations ot dspra&i8RY Ad HroRstin AL Srent patRsplated. In any
configuration, areayref dfeatfresidBd, i84@;n3bthmayibefigrovedsproxinaste dadedgarad S3without
intersecting ed ari e , . of features 330, 340, 350 may. he immediately
adjacent to edé]eﬁ 0221%6§ g\t/vi h}(é)’ugt?#tﬁe%s%%q;ﬁéggégg%ﬁ%{%%%a rs%ex%)r%%?gsc?vgrrrg@ 6 l‘ag;fig rés 320 may be
arranged a minithtinelistanedanaltedleyedyehrs dacludingsralyt, invhites mMiStaikelB04 described
with respect to ki@, A36vidn sbisupanass @11ayel IERARI 33340 $RR.Se95gYRIeS surface 238 into a

plurality of domains, thereby preventing concentrated forces at edge 216 from initiating crack growth

and impeding c%8%%%@%9@W&ﬁ%ﬁ@i%§ﬁ?%aéW§djacent domain. [0164] As shown in FIGS.

13D, 13E and 18A4t]eAsldeadity @f, ieatures 33 forn diferentpatirras,preximate.ip gdge 216 without
intersecting edg(?1 élgm'l'}pa%nil éra\lltl?gn%atterlns aé;ld shapes qf features 332 are merely examples, and
other patterns and Shapes of features 33548 Lo MStEiNgy $i%e BIRvbELiIEREalion, an array of
features may inehstierthershapesivt featuresi 88 ifferant tldpes, Brueosnkinatiys efishapes. [0165]
As described abgyg,.&achy of feales 334 Qa&’l a diameter, or width.'N..In some examples, the
diameter or width W’rof feafdres 332 ?nay inc egs’e 0%1y decrease’ }'}116%1\{ oor%(%{?evr\l/ &R Sther examples,
the diameter or (%i8#V¢:-dhReatgrEs B 3LIAL MhcisRseapid. thsh detecbss msdedifasetand then
increase. The diaresarenidiadial sacihafifsaties 332 mmeRa RahLeen anpraxipately 0.005

inches and approximately 0.175 inches, such as, e.g., between approximately 0.02 inches and
approximately o' T2 e 16166} %Qiﬁ?@%t%@?ﬁﬁ%ﬁégslﬁé@e%ﬁ)ﬁﬁﬁoﬁ?ﬁa apaAYlapart, or may
be spaced differenhedistancasfapart ssimilasiarihe ioesefeaiwasiiy add 322:ilusiated in FIG. 13B.
The distance D ggllggerﬂgrrl%q] o as itﬁh% between adjacent features 332 may vary in some examples
and may be between appfoximately U1 ihé ae‘é‘%ﬁ&"ﬁﬁ?&?ﬁ%ﬁ%@cﬁ%ﬁﬁ%ﬂ@%?fé&ch as, e.g., between
approximately 0c¢2éitincheantapprorinsately0i266tingRe3 nidyefpitehvimaydaccease or decrease
monotonically, i c se.and then increase, or may be
approximately g%%ﬁ%ﬁ?%%%ﬁ%@%sﬁt%agnsé%dDrpe%}él?ve\%e%%éa J}é%séﬁ? it ucr%asl\%%%‘%% a first direction
may be differentifahcthe Sistaivteresibeteetiingjacbifedturastdsniieddseoonandirdgetion. In some
examples, the pitsiiis ongrUisaGHian AL IHEIBARCAIRHTeasE VBl HheiRilghjRasagcond direction

may be approximately constant. In other examples, the pitch in two substantially perpendicular
directions may €881 Ehabsie! Sy Uindrirbin b uirdbasramalcpE 556 in Bofi dirediishs, or increase
in a first directiopdarisl stiecreadiecimarseodng dzeatiane 4046 ThEash offaaiwssids24nay have one of a
variety of cross-sectignal shapes, including, for.example, an arcuate, truncated arcuate, rectangular,
trapezoidal, or tﬁ)gﬁﬁglgy%wr%%%%%éﬁ r%gé{;%?léﬁr%{ Shslas ,pﬁﬂz?ﬁf’lff[‘,&%té?%w&hZA-D. The
cross-sectional piéfiled sheattrafife @it o832 meybe the/saadditomlay: défferent coating

layers may be provided.

[0141] First coating 234 and second coating 242 may be formed on surface 238
and features 236 by, for example, a thermal spraying technique, such as air plasma
spraying (APS), low pressure plasma spraying (LPPS), high velocity oxy-fuel
spraying (HVOF), electroplating, or the like.

[0142] As described above, features 236 of substrate 232 may function to prevent
detachment of first coating 234 and/or second coating 242 from surface 238.
Features 236 may correspond substantially with features 36 described above with

respect to FIG. 1. In general, features 236 disrupt the relative planarity of surface
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different within an array of features 330, 340, 350. The depth or height of each of features 332 may be
between approximately 0.002 inches and approximately 0.020 inches. In some examples, the depth or
height of each of features 332 may be between approximately 0.004 inches and approximately 0.008
inches. In addition, the depth or height of features 332 within an array of features 330, 340, 350 may
be approximate%gh same, o'[ the e&[r%or hei[%glt of at least one of features 332 may be different than
at least one othar ‘of the FEHAEs33% O THEHES t S PRI dHTL FAISEIPEL S L Ty isEreESe or decrease

monotonically, Meairsreasmanthiiele decieasetbifsteaseqanebheanliscseas. dsaagddition, the depth

or height of featyir §33I§l may ¢ e al jrection.within an array of features 330, 340, 350,
while the depth or gia {0 fég%?éigosﬁlﬁ%%%% %gr'rﬁglﬁ(%ﬁ%{} gﬁegﬁegsegg?onﬁa g%sélqct&H&Psubstantially

perpendicular dirsdtigRnsithitthenardycof2ahareirg30a849 2 3500|016 8pAltixatighastbstantially
continuous fealuges(&digean aailies,202) A0 SIIRIE AN (G PIGHE, eatres 332) have
es

been described separately, in some examples, continuous and discrete tfeatures may be utilized

together. For exX&htien Bfes ee3d CRERSSaRE Lo F1EaaaretS36E iftierting {ooturatiBpof linear

features 362 angl4y piureditycRigeireulamteaiy s Jadasiousexampler &achf linear features 362
and circular fea%lres 64 may be a deggfssion (e.g., groove) into surface 238, a projection that
SO

extends out of SUFFSEE 2 ,ec%/F’é ¢8 gt andeP iRt Ham 4 ™éScribed with respect
to FIGS. 13A anonli8Dickopexanyiieydindastieattres 36 diftecircytanieatures 364 may all be
projections, all i (e:0.. as ilustrated in FIG, 13G for case af descriptipn), or may be a
combination of ?)%)?eg t%gﬁgcgﬂ%l&%r%gessigﬁg.r?ﬁysgr%rga&g}%B ésa,cﬁnaer%ar (fgg Ures gégtror)lay be
depressions an@reirsitadfwatonds 364 mpidjeintitnsn grliness. featurs<353 andyfioe prajegtions and
cireular features 3p4,dgiessianeatn aiskexpiubles,somerngaLleakins 407 and gitaular features

364 are projections while other linear features 362 and circular features 364 are depressions, e.g.,

alternating rowPEReER e RS fane et ARt aiacasp thasibnsceatintetd ftilAlternating rows or

columns of lineaeqiRjeeions PrOeRresssns . IFianyaveRt M ieatHes.a8R.may be formed
immediately adjacentdgdrg% 216 Vc\éjtTUt intersecting edge 216. In other examples, array of features 360
may arranged a MM GiStirCe StNE s HEiH CHGE Y iFRAN G>8: URIFIRTIRA @idtance 304
described with riespecktd RéGuolBAS firdhisarian et aatvay et fadtusesngél segregaiagsyrface 238 into

a plurality of domai gp% venting concentrated forces at edge 216 from initiating crack growth
and impeding c?g%%%?rgﬁrgr \Aﬁﬁggv#gr%n %Crﬁgn %%n%}%pP(% éﬁ%ﬁi’%‘é"éﬁ? glélfﬁalfﬁ?s[(fiaég] In the example of
FIG. 13G, lineafedth @< 38 ateivoitedobetifesceaiump¥iohdiouerdehtontis 884).and circular

features 364 argoA0RE ARDIYIMAIGIYIR UISANEILOM AR AAPINERSH) SOWE GrgTples, linear
features 362 m%)icggoliaé)lﬁroxmatelyt e same width W2, as width W shown in FIG. 13A. In other

examples, one fe4r Rt Rrals e ity et dife asrbamrAnA R Cotiiér linear features. In

some examplessanbisiiioer atpactiafslinrasisaiusas I82mayhs hshwasn aarrajmately 0.005
inches and appro%%lat?ly 0.125 inche§%§uch as e.g., between approximately 0.004 inches and
|

approximately 0008 fcH&S 01701 R ehehRaatEK tred 362 Mol be'ipydea dh5rs%imately evenly
apart, or may berspaseti differerticdistancesmapartedineditance DR lbesweessadjagemtllinear features
362 may be ref t ' j me examples, may vary between approximately 0.1 inches
and approxima%%%g%gfr??rﬁgs%%tt%%%ﬁ%%.S, (gel%vr\%i ﬁoiglﬁﬁ%iﬁg%ﬁ%%?l§§’in%%§eg%%tapproximately
0.250 inches. IfoePeXamplds, atd tyineh enayifsrdesteraniBthenydeciedse apsmay decrease and then
increase. In yet ok /@IS AR AU HAIRCL AR, 1ARLe picthNAY b gpgroximately constant

1.01711 Linear features 362 may have a variety of cross-sectional shapes, inc uding, for example, an
arcuate, truncated ¥Pctidt réefariglpibrtraptizpiadnchideiasgurat b esiae ctiow; wstilustrated in FIGS.

1B, 2A-2D, 11A280,aneh ke AHalfuaeineof inealcfe rlie S30 % MayaRaNgthe st chasiesectional profile,
or at least one of Iirﬂear f.e%t Ech%s }3%% n%%y hgve a different cross-sectional profile than another one of
linear features 362, The' [tj of HEIghtof SHEH Bf fiREEPYIATHES BENFHHLY HaaBetiEen approximately
0.002 inches andwpipectimately.FdR0drdoesniy seinecaxgmalasy thedepthl orkeightieh each of linear
features 362 m e n roximately 0.004 inches and approximat .Q08 inches. Similar to
the width W2, t% %é{ﬁ#%gr?ﬁeeig?%? of eac C%u%ﬁnaeg} (éaatl urgg‘?éicrgd§§/' 56 1z;(1);})1(:)%%()6)(()ir%%ﬁf}elly the same as, or
different than, the depth or height of at least one of linear features 362. The depth or height of linear
features 362 may increase or decrease monotonically, may increase and then decrease, or decrease
and then increase. 39



[0172] The plurality of circular features 364 may be formed proximate to edge 216. Circular features
364 may also be substantially aligned to form a pattern of rows of depressions or projections
interspersed between linear features 362. [0173] Each of circular features 364 may have a diameter or
width W I, which may be the same as or different than width W2 of linear features 362. In some
examples, the dg%rglsgteegtpr VYidthf\{Vl of circzllar featu#es 364 mag increase or decrease monotonically,
while in other examples. the diameter o Widtth L Bi g e Featiied 984 Y 5herea58 and then
decrease or decregseraaiddthen increase. The diameter or width W1 of each of circular features 364
may be betwee reXima . i roximately.0.175.inches, such as, e.g., between
approximately .0?%2#52@%%%%?&%&%@@%%ﬁsﬂﬁléﬁggg[g)l)g%'Cgfrget?l%ﬁe%?l?rrggy%4 may be

spaced approxifigiidy SenRAsgsare o pdigrs. spacedndifferientadistances! apardedindigas.to the linear
features in grid 13 ilustaiad ME!GE IRsThedisiance B @lsonreierred i as.pifch) Retween

adjacent circular features 364 may vary in some examples between a Egté)ximately 0.1 inches and
approximately 0 FifidfeSALNHLL W pleiiest? apransthatsnponloshikernes’ aheEsfoximately 0.250
inches. The pitchamnaylipeseasepidacteasginaeianiaatlysdnaysingrease and thendreease, may '

decrease and then increase, or be approximately constant. In addition, the distance DI between
htds T ARSD dh AR i S HSrb i MR e e D Between

adjacent circular
adjacent circulapfeattizsd64iin @wetondglise iomdnl sdme 2xadflesathedpitehtinsone direction may
increase or decegser il e AteINASEONCAIECIPRRLDR RPRIOXMASIY consta. I other
examples, the pitch in two substantially perpendicufar directions may each clﬁgnge, e.g., increase in
both directions, W&eted8e Ih2IBtl Biesktisribe dpimersasel msadistisirdetisivatitideerease in a second
direction. [01753ikaehsobeisidariaptiingaRf-aeshave MO RYAIgN:Of CLasssagtional shapes,

including, for examﬁle, an arcuate, truncated arcuate, rectangular, trapezoidal, or triangular
cross-section, aSHUS FRGGAPETRIE L QUt-oSRI8ps streascherpby I amsting eragbdersetigbnal profiles of

each of circular dedatuaels @64 max Henthesaxamsis, eomayde gitferent than.the gressrsectional profiles
of linear features1.362 and r? be the saalgpe.or may be different wijthin arra% of features 360. The
[S] S |

depth or height of Saah ofGreuiaT featrea 288 Hss BESRIIEES aprdk 863 4ithes and

approximately a.}@mwmfe@.am scbgﬁeIgaoamplwiirﬂuemingmnhe@ﬁdgmfmheofcﬁifmday features 364
may be betweeq ARRIOXITIAIEN.O 904 nrbeR. a0d ApxImAaly 0,008 Inchies, . addiion. the depth or

height of circular features 364 within array of featur may be a}ppfomma e i}l%ne same or the
depth or height BFAFRYEE{GHE G ietdbfidae hesaen fepiyrpe’differdrutrayaiieastiare other of

circular features 36d.rhaendepihQrheightab ficHiar featuie st fay.dactrass ML decrease

monotonically, may increase and then decrease, or decrease and then increase. In addition, the depth

or height of circEIAHFEXRIPESSEY HLY Eh R g dsdifsieiie thireQionaitRi s PAFIR ifures 360, while
the depth or heigidgifigiecidgicdertuasSahmay.06mayynet cHange-alag REesRd,

rounded edges 260, 262 may increase resistance to the formation of cracks at the

edges of features 234.

[0146] As shown in FIGS. 11A-C, features 236 may be formed proximate to edge
216 of blade tip 214. In some examples, blade tip 214 may define a plurality of
edges, and features 236 may be formed proximate two or more edges of blade tip
214. In any example, features 236 may be arranged such that features 236 do not
intersect edge 216 on the X-Z plane illustrated on FIG. 11A. Such an arrangement
may help prevent delamination of first coating 234 and/or second coating 242 from
surface 238. While not wishing to be bound by any particular theory, during
operation of gas turbine engine 220, various forces including, e.g., thermal and

shear stress forces, may concentrate at edge 216 of blade tip 214. The

40



substantially perpendicular direction within array of features 360. 101761 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 features and arrays of features according this disclosure may assume different

orientations with respect to edge 216 of blade tip 214. For example, as is apparent from FIG. 10B,
edge 216 of b|a%”e“ﬁe§1%£i%8n’§’é§e%8}aaéﬁﬂ%"%ec%‘ﬁp m@&%‘?gﬁﬁﬁb?ﬁ“e GEBuUE Sﬁﬁsat‘é%d define a curved
or polygonal shapendcebatinglyafdatide smnday dys ot featseshahihésiselozbselimay take different

orentatons with{EsReCLIa:ex4e 246, 1 a1 TSNP IALOS e Sarne Apiase.a blade tp 214 o
i 'b .

may be different at different positions on blade tip or example, as described above,
features and arfalpedkfdattrambietiged proikirsatediadigget 2deewithodcimatisettiny@dge 216 may

reduce or eliminadg; delgminationataicasting iptme RN RIRIS Jif: stk AERREdIngl, i pome examples,

features and arrays of features may oriented with respect to a gerimeter or a portion of a perimeter of

blade tip 214 eiAHihEY BB 218l BAR sHAsIe3 fedtpadition bavayss Sladatirdsmay be
oriented substastiatly paradieldmanperineienaica pottionof Amesneter astablishad fyedge 216. In

another exampl éeatures a rrays .of featyres. may be oriented substantially perpendicular to a
perimeter or a p%zr foaﬁ%?%{nﬁenf:%ﬁ%éli%gr%s%téﬁ?ﬁﬁ]e% fﬁ?f%%&é% : ﬂﬁ’te{aﬁﬁ??ﬂﬁd@f(%i%fgg features and
arrays of featuresoniay ixetacadelyyanagie peténgentialiyaarsayethaorbidhéridsip atienigbl with respect to a

perimeter or a pLiQR.Of -3 REHMEIEr est 5%@7%) e 216, as will be appregiated by.those of skill
in the art. [0178] FIG§. 14A-14C aregceo ceptua 1|§z;gl%r9a9rrl1gq|3 ﬁg%rat?rPé) ‘éi%?nggﬁ %fé%lec)ﬁgg 214 with

example orienta&f6rigrtig eRayHe28ssinsb dsisyl thetdeequsder anduasrays tefifertures of this disclosure.
FIG. 14A i||UStre[tﬁ&ﬂ'@@ﬁt&iEszﬂ-fﬁ%fﬁ@%e%m’aWQi?g’yiéo%gﬂ;rﬁﬁg syhsiantiatyanalel to the

perimeter of blade tip 214 established by edge 216. Feature 370 may be a groove that defines a

depression in the Sulf{de- dPbratid i Talor Byhbra Qfsramalaex fatgcs de brieagamaet of blade tip

214. Feature 37Qameys hecamyrieapiie aewITayrdkieabiyes accordingwe dhis-Aiscloguigrealthough in the
example of FIG3]O A;th%ture 3701 .illuglr.atedggs a coygt%hn ous linear feature. In some examples, blade

tip 214 may inclide & plOTTif PoF e iture SR EEEE 2 Sing B YRHA PPt e HBsa! substantially parallel

to a perimeter ofcblade 3ig2 214 wetablisihigd thyt edge 2tgrehoexamplefhkag@stiy 214 may include a

plurality of concgnically.feB i 'EaMIES CALL AR 1 RUSRISY RORANA N rinear
features 302”). Linear features 302 are oriented substantially parallel to each other
and are formed proximate to edge 216. Linear features 302 do not, however,
intersect edge 216. Such an arrangement may segregate surface 238 into a
plurality of domains, each domain being located between adjacent linear features.
As described above, this may reduce or eliminate delamination of a coating formed
on surface 238 while maintaining suitable aerodynamic performance for blade 200.
[0148] In general, linear features 302 do not intersect edge 216 of blade tip 214. In
some examples, linear features 302 may be immediately adjacent to edge 216
without intersecting edge 216. In other examples, linear features 302 may
arranged a minimum distance 304 away from edge 216. For example, linear
features may be arranged between at least approximately 10 mils (i.e., 0.010
inches) and approximately 200 mils away from edge 216 such as, e.g., between at
least approximately 50 mils and approximately 125 mils away from edge 216.
[0149] In some examples, linear features 302 may all be approximately the same

width W, as shown in FIG. 13A. In other examples, one or more linear features
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parallel to a perimeter of blade tip 214 established by edge 214. Each of the features 370 may be
arranged a minimum distance away from edge 216 including, e.g., minimum distance 304 described
with respect to FIG. 13A. By orienting feature 370 relative to a perimeter of blade tip 214 established
by edge 214, feature 370 may reduce or eliminate crack growth caused by concentrated forces at
edge 216. 1017%56. 4B gl%stlrates,gn Q&ernative configyration of blade tip 214 with discrete
features 372. DiscretetsfifeES7S RidH YR AGEL AR 2T d9eh Festite SEMEGRte features
372 acutely angledideiaive tach péiineetdeafiblatie tipa) bé batadlishgsdyesgs BIH5As with feature
370 in FIG. 14A,; . r 2.in FIG. 14B may be a groove that defi depression in
the surface of b fﬁé%éggﬁf %ﬁlﬁ%ﬁéﬁc}%ﬁ%%ee%gﬁc s outof %ﬁ?ﬁgg rg%?gqezytlpp %‘4. Each
feature of featuri@shgyand dnpsersitetichs Glffeartieature, but the illustrated patterns and shapes of
features 372 argqmaypiAXaRAIR.Rd ANer DS B Shares,AndambLalpng,af fegtures 372 may

be used as outlined in this disclosure. Each feature of features 372 may be arranged a minimum

distance 304 awadyirsriPatideiSiacthdisansrsinar. rdaafisenolhepreddaseiinrate crack growth

caused by concentiateddonges & edge:d 16 whilenalsel seaspgatinen e suHRce-phbladentip 214
disposed away from e%%% fl {'nto aegltﬁ%fility of domains, A plurality of domains disposed away from
St A

gduee’ Hate AR AR ARBESH B Sh A8 &R R Per ara K& Nip 214 near the

edge 216 may reduce or €
center of blade tpp2d4maaiclyridrizamdispese dpaveainfaoity 6dge 2itbed O30 EKamdEsillustrates a

different configusatign of bl gne 11 214 itr% discrete features 374, Discrete features 374 are arranged
in an array that eve&%%/ spalgescdél%%rete(ygggtisr%g%nf Ogclzcr%]s% bpa(é%1 eillr? m&ﬁ’%ﬁ&ﬁs@me of features
374 are located!pixieratsccigediznglovitrsavintansdetings2 a6 msmwinthr&d@SIn A okt 3, each feature

of discrete featuies 1A TN &SI PHEINP A0SR a R BoSI9N b F A gcg,gf blade tip 214 or &

projection that extends out of the surface of blade tip 214. Each feature of features 374 is illustrated as
a hexagonal fedfFel lhihsaigfrasnes Haanmrdi¥r apasichnef serbsationd drrsauireddng may be used

in accordance withdkimpisclasieesasihtaniuiecofieaturanads MayRRIATaNgRAA mINImUM distance
304 away from edge 216. [0181] FIG. 15 | low diagram of an example technique of forming an
G5 et G i

article that includes s SUI At T é ggAé‘ utja}lﬁy’ G e resorfsd ff the substrate,
and a coating layesafoirmect ohlthe substrate anddbe pluralionof fediises. & trasaee of description, the

technique of FIG., 15 will b crib ith rence to blade tip 214 shown in FIGS. 11A-C, but it will
be understood tﬁgt the tecﬁsr%?ge ofglag% iéﬁn%%f/nbgra%ﬁigeeﬁ?%%aa 0 ﬂgrgg%lr%%t#gﬁ? ot Cél%mechanical
system, such adifer dseipie 03 tiirismsinelecariok! Bnnarineusesal Gagménthoigthe likeh[0182] initially,

an array of featyres, 2R s LO50RcHiR, AEBLSUSTALR 237490 0306 ARy, may include a plurality of

features 236, which may be formed proximate to edge 216 without intersecting edge 216. The features
236 may includéPRSPERABIE- I CRTdovaE intash sibivetofre iR ABinaayreseEs sinusoidal
projections, a grigotormeeheylingasansiBisoiol BRYEsDiRIIastiens. ccirmylaslemgssions, circular

prlectors, oo SRS g prostons Slpied demsors slppe priccions
photolithography¢ctesen apachimiag (e (gOOksehegrendiagyosiectrie ieidicalchrachbimiagh«eiectrodischarge
machining, micr%ﬁﬁgigé%geé{ i%%ﬁ%@%xprh%%r'ri‘é%xamples, the depth of each of linear

features 302a or the height of each of linear features 302b may be between

approximately 0.004 inches and approximately 0.008 inches. Similar to the width

W, the depth of each of linear features 302a or the height of each of linear features

302b may be approximately the same, or the depth of at least one of linear features

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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[0183] In chemical etching and photolithography, portions of airfoil substrate 232 are exposed to a
chemical that reacts with airfoil substrate 232 to remove material from airfoil substrate 232. By
controlling the locations that are etched by the chemical and the amount of time for which airfoil
substrate 232 is exposed to the chemical, the shape of the features 236 may be controlled. The
locations that ar, ﬁt%f’ ﬂjm%b controlled by covering pgrtions of airfoil substrate 232 that are not to
be etched with aﬁ’lay rEo r'nater}eﬁlpfﬁgiﬁssa‘lrr’\gﬁgi/%iﬂgr%%%éagt? obtﬁétdﬂgﬁﬁ%%féﬁgm. Features 236 that
are defined as depreddipadintailfoilisubstiater 282unayobe ¢ nutedabyiatipverinidepertians of airfoil
substrate 252 adiggeidq aiien A, Iraue RAAerR Alaiol sbsiple. 292 are Ingn exposed to

chemical etchant, features 236 defined as depressions to be formed in ATTOIl SUDStrate 232. By
contrast, featuré$hesenchatbstentiainsereen piojetio s dikte nbirdioutfdinairfdilasulostrite 232 may be

formed by covegingoaseas9fifeiaubsiiate.R32 ithat s dayget degations oy fsatures 236. Uncovered

areas of airfoil substrate 232 are then exposed to chemical etchant to remove substrate material from

around features P36 FESEIfiRG ShRSPHELRA Featlires s’ curmbmuafisaL bt (rePrstiins and projections

may be formed,‘tigartfyaepsaetiycovadipgandetshrgpeionsaf alriiksubstrale 232, to selectively
define depressiopgoagsdrgsrﬁ!%ctigln élt(30€J1%§4§]1In ser rt‘ﬂachinin&, source of electromagnetic energy,
such as an excimer 1as6r, 1S Lsads gaherate 4 SBRUSTSTaME HSEh AL BIgESF a wavelength that
is absorbed by aidsitsubseatkiegh ddpechstemsityof Alerpalsetyissidfficienttodeausth portions of airfoil
substrate 232 that, apsorly N80T 1 YaRQHER: REGH l@lﬁg?%%‘f{ & of different,portions of airfoil

substrate 232 may be used to vaporize airfoll substrate 232 and form features 3 ] (ﬂ%yS] Other
methods of formih§ ReEsR?2 38 peenstiel ¥l h ah idzdacierivess G Bondmbs ofgedstrate by, for

example, a pressuizad SERRRNRENRIS R MAREARIMErWALES &%{M&@Q&%@ﬁ@@ve@aﬁ&oo' thatis
sufficiently hard to deform, airfoil substrate 232 or remove material from airfoil substrate 232.

Alternatively, aiftoH SHEBEEUSH3ENT A7 58S $HHRAIKS fOHAWEA DI RetRiSS PBs ot Ehisihg the need for
a separate machiningssiepwidderdipiitelionef xseithsai iz RSIAe 234588y B6veast with features

236. An inverse profile of features 236 farmed into a. mold, e.,g., a sand mold or metal mold,
R pigisehon ném”é%%sfﬁ%é@r%‘fg 5 ﬂﬁ%b%’%%ﬂ?e%%‘ffb%w%f ARt this manner,

and then the constituent material for am
features 236 capndefansianingoidifacezR3Btof airfodeiiSsirate ABRaj01 86J@ndesthel array of features

236 is formed in aiffgil suhstrale 232, (400k & .firsk.coating layer 234 may be.deposited on airfoil
substrate 232, in@ﬁjdiﬁg the array %f featgres 2366(4(())2 . As )éeég |cg%}§/8rcr)l\%n,'ﬁrst coating layer 234

may include an BMSY] et &8 BalessndiiR iieymed aresiaaiciormsizdit! matal iMeasvetiiaty of examples,
a ceramic-metalligenaierial vaay ke megiied Ry, nesiaR-of ANe.or RArseedifingiflements, such as

alumina, chromigf%c@roingiﬁi:l 8ca,rbide, and combinations thereof In different examples, first coating
[

layer 234 may b R rRsEshing s48Rg . Sudh dh s ammlriderevalifgimendifg, e.g., a

platinum-aluminic diffugiahaceatingnAdiernatvevepmpasitions fonfirplieaating, laven3d are possible,

as will be appregigted by,ihose of. Sk A 116 134,
[0154] In some examples, each of linear features 312 oriented substantially
horizontally in FIG. 13B may have a first width W1, and each of the linear features
oriented substantially vertically in FIG. 13B may have a second width W2. In
some examples, first width W1 may be the same as second width W2, while in
other examples first width W1 may be different than second width W2. In
addition, in some examples the width of at least one vertically oriented linear
feature in grid 313 may be different than the 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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[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 pressure plasma spraying (LPPS), high
velocity oxy-fuel spraying (1-1VOF), electroplating, or the like. First coating layer 234 may be formed to
a thickness between approximately 0.001 inches and approximately 0.050 inches including, e.g.,

between approximately 0.005 inches and approximately 0.040 inches, In some examples, first coating
efﬁ%%ayy SoneLbnes el (Elrﬁl%a%{? B HEE it &pproximately 0.020

Tien ca 1.o11
layer 234 may de thickness between app%x
inches. In someexamples|firsthdeatinghiayen@Blemey subktantiatlyaepreducethaigeometry of airfoil
substrate 232, igglyding;featyres 238 do)th‘ug:r e; les, first.coating layer 234 may suybstantially
reproduce the geom_etry1 of airfoil substrate 23%] \ﬁg]g%? ?éeg?géﬁ%?ndge(?&eg%r%rs 967 f%?tlﬁlése examples,
an additional poRf8ATSFFass: chgiridihyeY Den Wiay heaspptietlionaaitfaitisubsiratd 1232pe.9., to fill

depressions defipadrvdeatiresival B PEIWSRAJEAHHTEH RIS lPveling surfacs, 238 of airfoil

substrate 232 to create a substantially uniform surface 238. 101881 After formation of first coating

layer 234, a secowid EONETYARRIGX BI04 foshee andrnrsedismiely PR P9les404). Second coating

layer 242 may Heissleaigdcbasedonrtheanisanneni@iconditiansinybiahaiioilsuRsrate 232 wil
operate and, in vari?ug g;g[amples maéain%hé%e an oxidation-resistant coating. As described above, an

oxidation resistgﬁ?%gaﬁng’r%%?%aaa SRS T HHatPAE mAy HBE 65 MBiERidF by one or more
elements. In ondigixampblé oa PRatrsmiatuminidstdiffusigriccoajiberweay hijadsediasaan
oxidation-resistan} coati ' ay_ be formed using a,variety of techniques
including, e.g., the tec%u@%%%%%@ggég&%%fﬁﬁgt%%%ﬁr%la %}Eglr‘oé%‘ﬂ% tie1ys%'rl%elep{(é%(%%ﬁnples, second
coating layer 24PGhay 8iffuBetReN ARRIAYERRY SilstScoakivwn alerrpedrontaly ARderyihgsairfoil
substrate 232. In, %@ﬁ@e@éﬁme@&éﬁ@&ﬂ&%ﬁ@%@wrd@ér@agaqxdi‘.%{mgcéxf?.icl‘ﬁ”&ﬁz%rthat ranges from

approximately 0.001 inches to approximately 0.005 inches. As with first coating layer 234, second
coating layer 245 RV SUBE LM Ydpr Bt anth e Orresase oF firat dsatsaerIageiea4, including airfoil

substrate 232 andrtastunesy236hAltarmagies)yis seeandeaqating layer 242 maymsyhstantially reproduce
the geometry of airfoil substrate 23 d/or.first coating Layer, 234 without reproducing features 236.
mape? %/ In a(?c{ 5?]% ﬁ%\p&ﬁs &h

101891 While theorgoing yenarally dascribad theSpngt S S¢ FRARFREYh airfoil substrate

232 proximate teipdge BnGwithontsmer Sestitietityeniychodhierent than the distance D2
between adjacent linear features in a second direction. In some examples, the pitch
in one direction may increase or decrease within grid 313, while the pitch in a
second direction may be approximately constant.

[0156] Each of the linear features in grid 313 may have a variety of cross-sectional
shapes, including, for example, an arcuate, truncated arcuate, rectangular,
trapezoidal, or triangular cross-section, as illustrated in FIGS. 1B, 2A-2D, 11A-C,
and 12A~D. Each of the linear features in grid 313 may have the same cross-
sectional profile, or at least one of the linear features in grid 313 may have a
different cross-sectional profile than another one of the linear features in grid 58.
The depth of each of the linear features 312a or the height of each of linear features
312b may be between approximately 0.002 inches and approximately 0.020 inches.
In some examples, the depth of each of 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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techniques may be used to improve coating adhesion to an article according to this disclosure. For
example, as generally described with respect to FIGS. 7A-D, an article may include a first array of
features formed in a first location of a substrate and a second array of features formed in a second
location in the substrate, where the first array of features have a different configuration than the
second array offfe?ture§ %el.g%, ? t%r s of {%attern, size, shape). Each of the first and second locations
may be selectedBREEH oA THESSS ggér@t A ArhannhatisaAids attiRetrst add%second locations
are predicted todegfiesicrck diiiing usetuide Mediciechsigssesrayhe detemired ased on
experimental d ta collected from previpusly used or tested components, or may be
predicted by thgé%zﬁrc%qe%%géhﬁ&r?%s.eg? |rr11$t}é5:%1 elfgrfﬁzér? glnaglflré%?ag? %Prgets%seens Sﬁr?ﬁ%e(%mponent. In some
examples, the d@rsineaifisndnesscofit Jovatsaspiray the différeftddcafitinsardlative o edge 216 of
blade tip 214. AsideserierhisHessiRICEsMAY FORFENTRIE At 8921620 hlade fip.314, allowing

. . \ n, e.g.
different locations of features relative to edge 216 to reduce or eliminate the tencfencféf the

concentrated forSECRYALEK erbtk farpnbgiSHTrcar bt ghewWemthraiisdvefithadizemcluding, e.g.,

experimental datarsnodalieg datscdnaydndicate differsntsiress forees aasoss bldstip 214,
suggesting thattﬁg%%g[r((’?fs of blade tip. 214 are more susceptible to coating delamination than other

areas of blade tip 5O FICESH diB ad \cormedpist hagrAATE MUSA3EM Wffous examples of
first and second &2tayscofdéaturesdiosoned imga dubstatethaged srpradicted stiapses experienced by

first and second s ti&q§ QiétFe tsubstrat . For eas%i%f 651es ription, the arrays of features are
described with re?égrﬁetr}ce Itlo lade %35 %rﬁ]etgg ne%sgeec ,lreefé%.] ,O%sw S g‘mﬁ%%;}i%élgyl A-C, but it will be
understood the #PegspiRdaeresantay be utilized on different locations of blade 200 or even on

diferent mechapigst psiat cmApREnts: Furihed, bl e s} apel secandiacaans,of the arrays o

features are illustrated relative to edge 216 of blade tip 214, in differént examples, t ¥irst and second
locations may bEUHfErR At efitintsadal featmeetPdn Iretionsrsmaplascion snpridal16A illustrates

airfoil substrate RaRrbavinginelins} aayRORalfeakread3Giammar madishigeation 502 on the
surface of airfoil substrate 232 and a second arrag 504 of features 236 formed in a second location

506 on the surfRed B Wit SRS IS iRth etk A ROBPERECE ShZHISIadRAtion 502 is proximate
edge 216 and spcgeditnsafions0ismdispobedavidy fiamedge ddtnel blagdetipe214. In other words,

second array 5Qé1s91ftif§§"‘(§+ﬂe'§f§t§a??$ 5 Egﬁ%ﬁf@ fggn%e%qg%%l_q% flrfr;[ glnrrﬁe}/ r502 of Ieat res 236.

Further, in the illustrat xample, ea feaitires comprise At [Eastoneor & exagonal
depression 3428&Bisaitd egfurealasecjeldtishb3 420 cf0iva 2 dsubomenakamplessthid predicted stress at first

location 502 mayihearRaterdian dieBedicted sirgss Bl seRRRE 0GR 508; Tha,siresses

experienced by first location 502 and second location 506, respectively, may include, e.g., shear

forces as blade $p8A48 Jestuchrdeflinsihy emitrtorso B R taras pansio AokHENo

sinusoidal features may be define by grooves while another row or column, e.g., an
adjacent row or column, may be defined by projections. In different examples,
grid 322 may alternate between grooves and projections including, e.g., one groove
followed by one projection, or a plurality of grooves followed by a plurality of
projections. Further combinations of grooves and projections are contemplated.

In any configuration, grid 322 segregates surface 238 into a plurality of domains
and impedes cracks from growing from one domain to an adjacent domain.

[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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contraction of airfoil substrate 232 and a coating (not shown in FIG. 16A) formed on airfoil substrate
232. First location 502 may experience greater stresses due, for example, to the position of first
location 502 relative to edge 216, which may act a stress riser or stress concentration location within
airfoil substrate 232. Conversely, second location 506 may experience less relative stress because of
its position dispgsed-awa g!r m edge 216. [0193] Accordingly, first location 502 have formed
therein a first arg§ eggg g%é ggﬁlj‘%éeé' 3 ,“\1/\1/ ll% %3%1@%“5%53 ég eggr%iellbteéér & §§SR1@&|tgt§:$£§‘than second array
504 of features P®6.formed in second location 506. For example, in the example illustrated in FIG,

164, features 24 i AlFAYSA0AR(ofed 104 MOV ggsel spacsd pafternian features 236 in

second array 504. Such a pattern divides airfoil substrate’232 into omains, and may better
mitigate stress fighdhectigyaryfacmy Irteddiey bamdradeehtaeay 5o4r Suieridrrray 504 may still

provide stress raiiigatiom o ssesanditeaasiom H060f ikt RURRIRIE 232, [81R4k3 ivariety of

examples, posit}grnin ) #};ferent arrays of features in different locations relative to an edge can affect

the subsequent P& NeeBIXRS e SHARRRISLE R EBniroridnte Witk respaples i described
blade tip 214, foridnamiplmatheeldaifation affirstamaykin wifeaiuest230iaRonsesansppsay 504 of
features 236_; on, eir\f)gliét%uq%ttr?etg 32 of blade t}ijp 214%. rgl%.aﬁegt thef%etrgldrgnami.c performance of blade

200. Improving the aerodyhamic perermance of biac Heay I pFSLRSEHIHR B&iver generation

and operating effidiercybofdgdertarithae bngid2ODibPHs divstvarayroROtvhfedtures ia36 and second
array 504 of fealutes &HE-MAMPERIA0SH SHIPALUI A3 AR ARt IGISRELSH0e 216. In some

examples, first location 502 and second location 506, and hence first array 500 and second array 504,
may be arrangef ASFRMMOTE Rt e A8 itwHradyerd S2malatingreasg. ondifireasn distance 304
described with respeehieaflGwhRAiBERPLAIhegheatiue s 238 M &G pidhasa depicted as being

uniform in size and shape, in s n(‘ie examples a single array 500 or 504 may include a pattern of
i

features 236 indIUENY Midte! UHEIRAP & ShrSrRaSra TR e thepirTichsight. Examples of arrays
including differedicstapesd depths;read. hEightsdare Wusiravey dheatig botrethis fiscipsure including, e.g.,
in FIGS. 71), 8,1 6D, and 17. A atively or additionally, a sin rray 500 or 504 may include a
pattern in WhiChpég ei%téogf tlﬁeg?éi%?enéaﬁ(s% g %egegsa?ﬁ%%b aoﬁlt‘gth?g%asirlaxfl 66”& 504. For example, the
size of features @BEoHiIE D Aotdhioahsivorbasecis.ohewramap perpentibulsddimensiand, or may
increase and theg,dagrease N@ReRLLWo perpendicular dimensions. Alternative configurations of

features 236 as described herein are contemplated for first array 500 and second array 504.
0160] Adjacent parallel grooves or projections in grid 322 may be spaced

approximately evenly apart, or may be spaced different distances apart, similar to
the grooves in grid 310 illustrated in FIG. 13B. In some examples, the distance D1
or D2 (also referred to as pitch 1 or pitch 2) between adjacent grooves or
projections may vary between approximately 0.1 inches and approximately 0.3
inches, such as, e.g., between approximately 0.125 inches and approximately 0.250
inches. The pitch may increase or decrease monotonically, may increase and then
decrease, may decrease and then increase, or may be approximately constant. In
addition, the distance D1 between adjacent grooves or projections oriented in a
first direction may be different than the distance D2 between adjacent grooves or
projections oriented in a second direction. In some examples, the pitch in one
direction may increase or decrease within grid 322, while the pitch in a second
direction may be approximately constant.

[0161] The amplitude, e.g., the distance from line 326 to a peak of groove or

projection 328, of the sinusoidal grooves or projections in grid 322 may vary, and
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[0196] As FIG. 16B illustrates, in some examples airfoil substrate 232 may include a transitional region
520, which includes a transitional array 526 of features 236. Transitional region 520 is located between
a first location 522, which includes a first array 528 of features 236, and a second location 524, which
includes a second array 530 of features 236. Within transitional array 526, the spacing, or pitch,
between adjaceint feaguereast@S ma %fg%nt%ve substantlallg i‘znt'%nuously from the spacing of features
236 in first array 528 to the gpacfﬁéo featres PR MUEEoh alPs) 8389 PRFT BB SXample, to
transition from fftStianfey. SRB-tbesesamdarr dye 5830 Bathnsybsepue ttaron2\iitlisstoansitienal array
includes fewer fﬁ%“ﬁﬁﬁr@;ﬁ%a@&&# @1 ingr Sa_lsed spacing between adjacent features 236 within the row.
In this way, transitional array may smooth the transition from first array 528 to second array 530.
Transitional arrd)18256 ragly prihvigeostiessey miivigations tharid FRmas dizite betwierefisy afray 528 and
second array 539, and stsasssmigaationmay, ehangs.within tapsitionalaray,2ag.as the features 236

or spacing of features 236 change within transitional array 526. For example, the stress mitigation

provided by traFfSiA8RNRLIPY B thay BlyreiRiaT iositioe 16 RRttaies s BE hatBiieistress

mitigation provided byAtransitib nzh apay B26- Groxa e [oeeaNst a56aY B3R JAL9I8] Although FIG. 1

613 illustrates onrlél. é@gogist%aofbget tures 236 charg ig‘%{within # andsiti%]na# array 526, in other examples,

a size, depth, hBIGht. or Shape of teafures 238 may CHEKEE HORIBRING SRk (8 %eatures 236 within

first array 528 tgioeirey sirthitdrctigfeafenels @3B ayithjacsieao nd abkalyeB3&n appomseexaimnples, two or more

characteristics ¢f fgat : ' , height, or pitc hange within transitional
A fBSHIRRZA0 B ol RABS0 AEAL NN ALRIELMRY SaEs ¥

array 526. 101991 FIG. 16C illustrates airfoil substrate 232 including arr & teatures 236.
In first array 550 B4Ry P36 Bsrhpiebe dirresh fldharewisatmrfol substretee82 formed at a first

location 552 of ajsfedsubRikateos 2 diky aHPUSRSAMRES, JIIeRTSRILIES MAYIRCHIgar grooves,

linear projections, or a combination of linear fgrooves and linear projections, as described with respect

to FIGS. I3A and! 18135 0pfof b StRae 95 Rrheishipiet lsasbenn al sheRrsationtelmgrid 236 formed

at a second locafiomapboimirtailsatbstiate 232 canthptsangiionahasray &abat features 236 formed in
a transitional region 558 of airfoil substrate 232, Eirst arr 50 includes a first spacing hetween
ok oS

adjacent featurés 236, %ﬂ%@&@rﬁ%ﬁ% B heude RGP LMY BEiBeAHIERENt features
236. Transition teayoss6incmde snspasing betwesnmadjacantipatmes3ctbahdhisges from being

similar to spaciqg@ggggggpdféec%%gg@ﬁei@ iﬂ@%éafg.ayés%%toe}t{)g%egi%iéac[ tq{lsgfal%ing between features

236 in second array 554. In this way, transitional array 556 pro €s$ a subs antlaﬁy continuous
transition from tROYSEF Bicrasigliea! dzerioifestoarayiHbol io thipalientiof featixes 236 in second

array 554. [OZOQ]ﬂﬂaranmﬁ%@fd@gfmp{ﬁ@,gmgwie@qi%@@légﬁ%%%efgr‘&j&%ﬂg"aé&%eé‘@ﬁai” particular
|

edge 216, may be greater than theﬁiedicted stress at second location 556 or transitional region 558.

Thus, locating fISI R4V &E6f FeAAHHSS S5 deatiqd Draews Yentirtbe baghneéibect edge 216 may be
desirable to mitigajecthastitasanaceatinglayei{nohshewnhic oHateryailing.aapgidekations such as,

e.g., the aerodynamic performance of blade tip 214, ma ir:sgiicate that first array 550 of features 236
should not interé};l tedge” i@%&%ﬁ&ﬁgﬁ rﬁr}%fté?rrlgf %ﬁe fReAtGreRDSERIRY) Pﬂ’ét%b“tated adjacent to
edge 216 withogtithi@&eetiriy epigreximétedyinvpstve.the overall performance of blade tip 214 by, e.g.,

balancing Stresmgg@ﬁig&%ig}ampies, a surface may include an array of discrete features
instead of an array of substantially continuous features. For example, FIG. 13D
illustrates an array of features 330 that includes a plurality 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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aerodynamic performance. In the example of FIG. 16C, first array 550 of features 236 are illustrated as
one of example of being adjacent to edge 216 of blade tip 214 without intersecting edge 216. In
different examples, first array 550 of features 236 may be located a minimum distance away from edge
216 including, e.g., minimum distance 304 described with respect to FIG. I3A. [02011 While _FIGS.

16A-16C illustrate first a §econd %aa/s off atures 236 that include similar features 236, in some
€, ieatures re all

examples the first and SBcond arays may nciis difdtert RQHIFEE S8R adSlERE4d in FIG. 16D. In
FIG. 16D, airfoil sglitratee28enmchithesasi firkt aoray GB0acomd imphéxagprabdapresisions 236p,

hexagonal proje&ggp&%gd@gregI&i@iﬁ@ﬁ@@ﬁg&g@@@%@& gagfnﬁll@?ga?lll l;:érojg&;tlinons 236s formed at a first

location 526 of airfoil substrate 232 and a second array circular dépressions 236s and circular
projections 2362t Qb Y esEotpIBsitnsrBEBrafealitol mybstratec2820mn aligitioresfEdures in first

array 560 are fogpipddi 2008 CRSEHY RRACES RALEIY than featies 1A Secend 3ygy 564, which may

provide greater stress, mitigation in first location 562 than second location 566. In"a variety of

examples, first IBEATBINSES SANLUEOHEIYEatdA SuB ARy Herrsesinas Eay sbbyand second array 564,

may arranged apmialinust Wistaacesawey:om, edge2ibdneluding .ebinRipipm distance 304
described with respect to FIG. 13A. [02021 First array 560 includes, hexagonal depressions 236p,

s
hexagonal projecer]%%sgloéléélac,agﬁ?ﬂ%%gingeaﬁ?ecgg%nmg r, dh BRI RY BHRAERE 236s. In other
examples, otheifetwdsiAdfiod) o} J6 atayds: e bbputiizeddnoaedirgle wilyoe. itefistimgay 560, and

more than two feajuras | ili i ' Hexagonal.depressions 236p, hexagonal
projections 236qf§éelI%%cgﬁ(ﬁ%?%%s%g%&%?%%%%ﬁ gﬁ%ﬁgﬁ %)j(rgje%}ﬁ})?%%ﬁ%}é%aere shown in FIG. 16D

solely as an exdmprIGtdhadstseimitaeias af fentihes. intergeitiene deitidéghrtieghpitch between adjacent
features 236 withinnfisetasray B6Qissh0M0 A% PeingsHbsiatialnuNTemL i gihsr examples, the pitch

may change With('in first array 560. Further, while first array 560 includes alternating offset projections

and depression§4§5 aifePSHEN Gl R HHRG VhtBHs PR profB cavtsstdnd Wepressions

including all projéetionstbis alkdegptessipns farareopsenpiatesy {0203Boithe pisghnand the shape of
features 236 chapgaqﬁgb&t\é/een fir%arrlgrl%/ 560 and second array.564. Ong {a?ggn, circular depressions
ctio

e
2365 and circular Projections 236t are merely B amBIAR SR IR SH 4haI8e rR il 236 may be used
in second arrayimgg_ting crack growth and impeding cracks from growing from one domain to an

adjacent domain.

[0164] As shown in FIGS. 13D, 13E and 13F, the plurality of features 332 form
different patterns proximate to edge 216 without intersecting edge 216. The
illustrated patterns and shapes of features 332 are merely examples, and other
patterns and shapes of features 332 are contemplated by the disclosure. In
addition, an array of features may include the shapes of features 332, different
shapes, or combination of shapes.

[0165] As described above, each of features 332 may have a diameter or width W.
In some examples, the diameter or width W of features 332 may increase or
decrease monotonically, while in other examples, the diameter or width W of
features 332 may increase and then decrease or decrease and then increase. The
diameter or width W of each of features 332 may be between approximately 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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102041 In some examples, instead of the shape and/or pitch of features 236 changing between first
array 166 and second array 168, the shape and/or pitch of features 236 may not change, and the size
and/or depth/height of features 236 may change between first array 560 and second array 564. In fact,
any combination of characteristics of features 236, e.g., size, shape, pitch, depth, height,
cross-sectional pe, or.the lik change or may pot change petween first array 560 and second
array 564. [OZOS]%'g'd i |%§11§ﬁ?°aes |%Z%§§?§d7i%gﬁ?é.s ngg)r{é%mﬁ% Wyt red'ahd may vary
relative to edge21%|resgmhasaapes predictetestresseirappeexasmde0df htGeslH@, first array of features
560 is formed proximate t9.e698,44 V\gmg%i tersecting edge 216. In various examples, first array of
features 560 magébe imme%ﬁa’[ely a(%%icent to’e_d%’esos%%e%vlltﬁ?ﬁ n eartglgcﬁr%)% éeeﬁé). In other
examples, first 4PRIY ORRsRlN 25 860cheay Bheamigddr yriimireasncdidtarreecanany frovrkbdge 216 including,
e.g., Minimum digfaneecaR4aAeseeibach it resRart 151Gy d 3n (32081 Alihgugh ot depicted in FIGS.

16A-16D, in some examples, a first array of features may include substantially continuous features

(e.g., linear feati¥XFE6PReRs PR adiitiondbe dirarcsbbsasteradirrenideasiRciate features

(e.g., circular featurgs382afdnlGajl BB Yifrerehanaa first anay SecanstaHYehfeatwes may include a
combination of Tgggtinuous aéqidiscrete features, e %éas illustrated with respect to FIG. 13G. Other

combinations of féatures and anays bf 8L PSSYHIHE S &t B PoLBSHEITA the art. [0207] FIG.

17 is a cross-seiotitnat diatgraensef whikxémpiahyinirfeiteubdiratecd3Rathbd ipphuslasateplurality of
features 236 forged.in spface: 238Q10IadE inald-Feanes 430 mayalips b a single anay. e.g. 2

first array, or may be distributed among multiple arrays. As showr i atures 236 include a
depth, a height, 2HECaAckisEANETthy tHaEEREig S idhectinaardegc@oriekath diesdiiststeature 236t

includes a heighidiandraawiditiiedi sl fealua 2365 s @itangedrpximate to edge 216 without
intersecting edge 216. Second feature 236u includes a depth di and a width w2. Width w2 is greater

than width wi intHE BxErb R Graeitss 172 Mardrsarie D emikcr efcs shiseitebsharea width w3, which
are greater tharilegighighfandanigi wi, siespectivebaaf patice Raehoinalhapiodithfeature 236w

includes a depth.d2 and a width w4, which are gre han depth dl and width w2, respectively, of
feature 236u. Fteréatrfﬁgﬁ;arﬁgis'fgﬁqdzé \1/f,iu@sts§‘3‘L %glv%t g(lt’é : aﬁﬁ%’&% lalfAéb%e?ﬁlﬁlglﬁéﬁBrn, alternating
between projegﬂ@ngmmmgmwsm@lem]ﬂtmﬂtmesameﬁ@tmmaa;hﬂn@cﬁmpm_of FIG. 17 is
merely illustrativeern.ofhef Gxamplas JERHISS 336, W%‘a%cﬁé%gﬁﬁ%@%egkge re%f&‘%“s (e.g., FIG.

8), or may include a different arrangement of projections and depressions. urt(heer? e depth and/or
height and/or wigtrestéituray babeimegn apprenhapiizag- 462 nckeatent inp PG in7iel §.08Me of depth or

height may changaeyhilessisiRremainssonsiant-Asigassribed 4aRYEx agdiianyo or instead of the

depth and/or hei%ht and/or width changing, a shape, cross—sectionalﬁgrofile, or pitch of features 236

may change withiF &R IS X NRASgH Tt ‘BABRSANA Earsoximadily BPPSIrshesatingdditiay-be formed on

surface 238 of hledeip &lkiAs desaribedimthisidisalastre ofaatures 236 may; formexample, increase
adhesion of suc&%oatingg to Sl{gacaem%%rc%gm aggd t% exam Icﬁ in which the surface of a blade tip is
substantially plahar 102097 ERG 1898 & Abw dhishrant BF &N 8xaRFIS 91ERhEHE o forming an article
including a first mmabeofiféatnt ékain a4 rst tocatiber of thslibstrate3and Ehselepichatkayhobfeatures in a

second localiongfihe subsifale,HRJE IR LRI, AR be described wiln eference to FIG. 16
[ [ I t

for ease of description, but it Shall be understood that the tec nigue of Bl Wlﬁapplicable to other
examples includiFfgeashir St dpragaananddbeminaieasp-offaddifies. fhwsisttinoa sugstrdtisatures

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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[0210] Initially, a first array 500 of features 236 is formed in a first location 502 on 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, sin %%Wi%ﬁé 3953, HALBIRAISHBE RIS S forelgbyetinBalesr @irfuebidal grooves or
projections, cirdidaardepressitizsaad grojeotionsrs|oticabdepressipnsion jestians,) or combinations
of these features 236, Fe s 236 with different shapes.may al e implemented. Features 236
may be formed 1890, grrfg(;(%rgé?é R er\é]\{llggl%e‘%g fr{ggﬁgﬁﬁ(t)%ocfﬁ %rg?g%%%é)’l%ér ﬁ'lnég:’ﬁﬁﬂ%f) lectrochemical
machining, electrordisicitarye praitsining, anitssonitadhivithgsyibropdditifg] i thel IRE. Alternatively,
features 236 mayhe Rashigicrall{ol Subsata 232, When islaia.A40 BLIRRIRS 486 mcludes both

projections and depressions, as illustrated in FIG 16A, the projections and depressions may be formed
substantially siftsHégtsls2e 3 el ar iHS shifeltinseyor fdepstiatiseguatiany¢e.g., either the

projections or depressians sravohederad assibesmthasemainingsatofsitherpraigctions or
depressions ma%/ bethfo med), 10212{1,As deﬁs?cribed above, first location 502 may be selected or
0

determined bas8&olf 4 FrESHHG ot SHEU ealLTHSR SAENACIS3Y Wi W paHERGS Auring use. The
stress may be preglibtqddjesenomexpenimebial dats/istighess datalsoliestehayping sase of a similar

substrate under.similar conditian to those which airfoil substrate.232 will experience. Further, in some
e $an Lo those ’
examples, the stress ?ﬁa‘i/r?)se preaéllctcelzf%gge gglﬁstéegéraertelcparibjset?%elggsc\gﬁ’él]ﬁ:lé)floeﬁsh,ng?é., based on the

material properfrasistsaifoivslibserde 23Rrandtdrecatemess woating kipenstif@ad2k0nce first array 500
s formed In il sSiPLe 232 (9000 S869HBAHALIN O BEIVERABAALDR fored in 2 second

location 506 of airfoil substrate 232 (602). A process similar to that used to irst array 500 may be
used to form setOHEEyFAY BT DERISEHIE ek AR SI086 c o anr RSB 04 AY-Sf IRetisrmaedsubstantially

simultaneously wahir sérareayRRRd NG R¥HBBILS: SECARG MY S4Tpayhe fermed after first
array 500. According to orgpeexam%% all projections (including in first array 500 and second array 504)
I Rl

are formed in aftfof SGBSR i by thE IS RARSH S RInHRpTediSBRSS(@HAIN, including in first
array 500 and secondgridy 54y dingidejl substiated?32nJO 208l Sicnikad W0ifirstédpeation 502, second

location 506 m%@e $ Iecr‘te%l.or determined t%qsetd ona redicted stress ti}%airfoil substrate 232 will
K . | n this Hlannarg %rrasy o1 featyres 3 Sﬁ‘ﬁl‘%%a S suriace mf a
experience during use. The predicted stress may be made Ha on expéefimen dl%data, such as data

collected during®lyselipf af sienikinsubetebyeptavdetingrodiagcotmtlidi Gor¢ostiiasgavhicliranfoil substrate 232
will experience.; i gHELXRPRIGS e Hﬁ?gﬂ@ﬂg%ﬁgﬁéﬁom growing from one domain to an

adjacent domain.
[0169] In the example of FIG. 13G, linear features 362 are located between
columns of circular features 364, and circular features 364 are arranged

- approximately equidistant from one another. In some examples, linear features
362 may be approximately the same width W2, as width W shown in FIG. 13A. In
other examples, one or more linear features 362 may be a different width W2 than
other linear features. In some examples, a width W2 of each of linear features 362
may be between approximately 0.005 inches and approximately 0.125 inches, such
as, e.g., between approximately 0.004 inches and approximately 0.008 inches.
[0170] 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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may be made based on theoretical stress calculations, e.g., based on the material properties of airfoil
substrate 232 and one or more coating layers. [0214] As described above, first array 500 and second
array 504 may include first and second patterns of features 236, respectively. The patterns may be
defined by a shape, size, depth, height, pitch, or cross-sectional profile of the features 236. In some

examples, only one of, thesgl 8@??Ct%25tics may change between first array 500 and second array
504, while in oth8P SXARNES, t RS AP O ERRESHTRAGTY denl it s ay bARAEE BERISen first array 500
and second arralye504h[023 5hditisough theh showasénfitay HBcirasomme examplesstheiechnique may

optionally incluq)%hf rrg;(i grans]}io al array.(e. sitional array 526 in FIG. 16B) in airfoil
substrate 232. As é)esc%ﬁ%% a So{/eu,st ae{:e?ré%}é}%r?agl(%ﬁ%@prﬁ%yr?ﬁglu gpgrﬁgffreler‘(ﬁe]\%hich transitions from
being similar to ¢hespattern in first array 500 proximate to first array 500 and being similar to second

array 504 proximgaie; {0 SRePRchaRAY; 89T haEansitional Atay, may he farmed by agy,of the

processes used to form first array 500 and/or second arfray 504. In some examples, the transitional
array may be fofth&E8°8UNStaNGAINA SintimsHEd Bty alRtReRit ey Boezaitdlopsetnstiairay 504. In other

examples, transifieRaleatiay May.betoameriegusntially with first aray PA0mndleR sgcond array 504.
04 and, optionally, the transitional array have been formed

[0216] Once first array 500, second rratg

in airfoil substre?fgafé ?aéuﬁ?i‘.?é é}ﬁ‘??/g}]l%‘&/e S SPEFEST TR bR oS man Bheastontstbstrate 232,

including featurés<28enfiestabranp@ovand seeomdarsay<oldntdP4) iksidaseriaed anove, first coating

aver 234 may b, Dad 0 soating, Iy spms,cxamples, sy conting layer 234 may include an alloy
ate y O

such as an MCrA1X alloy, or a ceramic-metallic nal. In a varie examB’I%’é, a ceramic-metallic
material may be>ehgerficaipineiision- ¢iomehss adrepmrosifyateyeleinentshsudn asnadumina, chromia,

chromium carbigfaraa@sgeml@k@ti@pﬁeﬁgﬁ{%@&@hd&fff%%a} RXAMRISE, i3l ealingddyer 234 may be an

oxidation-resistant coating, such as an aluminide coating including, e.g., a platinum-aluminide diffusion

coating. Alternatiid CHRYESITMY fickrs Ao ARRY Tierehs9. A ipekasblainz i the wjsisheciated by
those of skill in te ark (3h7dHiestieating ayar i 4dnar desiormedonaitalhausiate 232 by, for

example, therm?&lrﬁ El%yl)rll%llggggltqﬂgﬁ,styg He%?hacjlt é?gs’lwgf%?liggsi{] gnc(:'bt\)l:f?%%’cltgvt\‘éatures 362.
The depth or height of linear features 362 may increase or decrease monotonically,
may increase and then decrease, or decrease and then increase.

[0172] The plurality of circular features 364 may be formed proximate to edge
216. Circular features 364 may also be substantially aligned to form a pattern of
rows of depressions or projections interspersed between linear features 362.

[0173] Each of circular features 364 may have a diameter or width W1, which may
be the same as or different than width W2 of linear features 362. In some
examples, the diameter or width W1 of circular features 364 may increase or
decrease monotonically, while in other examples, the diameter or width W1 of
circular features 364 may increase and then decrease or decrease and then increase.
The diameter or width W1 of each of circular features 364 may be between
approximately 0.005 inches and approximately 0.175 inches, such as, e.g., between
approximately 0.02 inches and approximately 0.125 inches.

[0174] Circular features 364 may be spaced approximately evenly apart, or may be
spaced different distances apart, similar to the linear features in grid 313 illustrated
in 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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pressure plasma spraying (TE'S), high velocity oxy-fuel spraying (HVOF), electroplating, or the like.
First coating layer 234 may be formed to a thickness between approximately 0.001 inches and
approximately 0.050 inches including, e.g., between approximately 0.005 inches and approximately
0.040 inches. In some examples, first coating layer 234 may define a thickness between approximately

0.010 inches a roxjm .0.020 inches. In some examples, first ing layer 234 may
substantially re% 8%%%30]#%%%50%38%;’08# gckllrfaosﬂ %ﬁbs%efa 86535]5, it aﬁt@d’ ?)ggét?rgjsc %él.n n other
examples, first épatigiaipdy 2340nmpsubBhamitihynrepochace thelgrometnyofiaiifailgubstrate 232

without reproduging;featives,23f.dadhess. exapplen..an.additianal pastion. %’gﬂ{ﬁg coating layer 234

may be supplied on airfoil substrate 232, e.g., to fill depressions defined’.by tures 236 or between
features 236, thRPTEVBIMEIE Gt D 3 afdivn Sdisians2B) bstereatadipetiisissitially uniform surface

238. [0218] Afte darmation;k fiTst agatinen|aver R34 ie:secand Geatinglaysi 242/may be formed on
first coating layer, 234 gGO?r%lea?cond coﬁating layer 242 may be selected based, e.g., on the
|

environmental GORTTEIE RVLT 1 SIS S 87 KB p R XA MRIEH ifsréBibles, may
include an oxidationiresistantigoatingscAs deseribed midowe, inioXidaliomeesisianticaating may include
aluminide, whic r. may, not be modified by one or more.elements. In one example, a
platinum-alumin%rgl%}l%‘%é%aﬁg%g%ﬁga%ay ‘ggu%é AL gersm’ox? éﬁ%ﬁﬂe‘g% gn%%%%ﬁrf?g. Second coating
layer 242 may herisirdisd] arsititg i vat ety chebatinitases. incdhuling & gqtthdéinecionigues described for

forming first coaflog Jaye Bt s EXATIRS iASGAUERAIINg JpYatadA My difuse into an

underlying first coating layer 234 or an underlying airfoil substrate 232. In some examples, second
coating layer 249"#H{Mdefine a thickness that ranges from approximately 0.001 inches to

approximately @03jimReSABILR ks eaWAd] Y Bh3hSECPNEHERAENG Javes 242.may substantially
reproduce the g%omet%g(if jrst oati%gjﬁéer 234, including airfoil substrate 232 and features 236.

SCORT oSNy Fay & VR ABRIAEH PR GHTRE thec BB8WRtry of airfoil substrate

Alternatively, sec _
232 and/or first tgatmglidyerdadwithautsepeaducind fieatited 2B §0289) Marous) axamnples have

been described, [1ese 10 QUSL QAR HIR NI 8 378 AL QI09lIg ipas MCSLLP
the same as or may be different than the cross-sectional profiles of linear features
362, and may be the same or may be different within array of features 360. The
depth or height of each of circular features 364 may be between approximately
0.004 inches and approximately 0.020 inches. In some examples, the depth or
height of each of circular features 364 may be between approximately 0.004 inches
and approximately 0.008 inches. In addition, the depth or height of circular
features 364 within array of features 360 may be approximately the same or the
depth or height of at least one of circular features 364 may be different than at least
one other of circular features 364. The depth or height of circular features 364
may increase or decrease monotonically, may increase and then decrease, or
decrease and then increase. In addition, the depth or height of circular features 364
may change along one direction within array of features 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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1. An airfoil comprising: a sidewall, a tip that defines an edge between the tip and the sidewall,_
wherein the edge extends around the perimeter of the tip; a first array of features formed at a first
location on a surface of the tip, wherein the first array comprises a first pattern; a second array of _
features formed at a second location on the surface of the tip, 10 wherein the second array comprises
a second patterr% d%'fferent than the %rst ?attern herein the first location is predicted to experience a

B8 ATAH O ISALTSHASCRTAR 1B tHE\0SRraRRL BYTOHETE of stress different

first level of stresa and fhe seavh
than the first levetioftstressyahdesrivet eiretiae firstadisaylofiferitur e aachihe secenghpsray: of features do

not intersect theyfdlgei ANhASGo3 1B IVEI/RIBEY QNS AHTALS, ARG, and ihe first and second

arrays of edge but may instead define a curved or polygonal shape. Accordingly, features
and arrays of features of the disclosure may take different orientations with respect
to edge 216, and an orientation may be the same across a blade tip 214 or may be
different at different positions on blade tip 214.
[0177] For example, as described above, features and arrays of features arranged
proximate to edge 216 without intersecting edge 216 may reduce or eliminate
delamination of a coating formed on blade tip 214. Accordingly, in some
examples, features and arrays of features may oriented with respect to a perimeter
or a portion of a perimeter of blade tip 214 established by edge 216. In one
example, features and arrays of features may be oriented substantially paraliel to a
perimeter or a portion of a perimeter established by edge 216. In another example,
features and arrays of features may be oriented substantially perpendicular to a
perimeter or a portion of a perimeter established by edge 216. In additional
examples, features and arrays of features may be acutely angled, tangentially
arrayed, or otherwise oriented with respect to a perimeter or a portion of a
perimeter established by edge 216, as will be appreciated by those of skill in the
art.
[0178] FIGS. 14A—~14C are conceptual diagrams illustrating example blade tips
214 with example orientations that may be assumed by the features and arrays of
features of this disclosure. FIG. 14A illustrates blade tip 214 and feature 370,
which is oriented substantially paraliel to the perimeter of blade tip 214 established
by edge 216. Feature 370 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.
Feature 370 may be any feature or array of features according to this disclosure,
although in the example of FIG. 14A, feature 370 is illustrated as a continuous
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



features. 2. The airfoil of claim 1, wherein at least one of the first array of features or the second array
of features comprises an array of at least one of linear grooves, linear 20 projections, sinusoidal
grooves, sinusoidal projections, circular depressions, circular projections, ellipsoidal depress@ons,
ellipsoidal projections, hexagonal depressions, or hexagonal projections. 3. The airfoil of claim 2,

wherein at least one of the first array of E1;§atur or the 25second array of features is formed at least
50 mils away fr g%%*aglé ‘%) dag %ealgfﬁj][%r 6?,)1 S HE)E?A‘ es‘cabhshec(ie %y edge 214. Each of the
features 370 may be arranged a minimum distance away from edge 216 including,

e.g., minimum distance 304 described with respect to FIG. 13A. By orienting
feature 370 relative to a perimeter of blade tip 214 established by edge 214, feature
370 may reduce or eliminate crack growth caused by concentrated forces at edge
216.

[0179] FIG. 14B illustrates an alternative configuration of blade tip 214 with
discrete features 372. Discrete features 372 are arranged in an array, with each
feature of discrete features 372 acutely angled relative to a perimeter of blade tip
214 established by edge 214. As with feature 370 in FIG. 14A, each feature of
features 372 in FIG. 14B 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 372 is illustrated as a linear feature, but the illustrated
patterns and shapes of features 372 are merely examples, and other patterns,
shapes, and combinations of features 372 may be used as outlined in this
disclosure. Each feature of features 372 may be arranged a minimum distance 304
away from edge 216. In this manner, features 372 may reduce or eliminate crack
growth caused by concentrated forces at edge 216 while also segregating the
surface of blade tip 214 disposed away from edge 216 into a plurality of domains.
A plurality of domains disposed away from edge 216 may reduce or eliminate
delamination between a coating layer and blade tip 214 near the center of blade tip
214 and in areas disposed away from edge 216.

[0180] FIG. 14C illustrates a different configuration of blade tip 214 with discrete
features 374. Discrete features 374 are arranged in an array that evenly spaces
discrete features 374 across blade tip 214. At least some of features 374 are
located proximate edge 216 without intersecting 216. As with 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 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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MCSLLP 4. The airfoil of claim 2, wherein at least one of the first array of features or the second 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 5defines at least one of a secend depth
different than the first depth or a second height different than the first height. 5. The airfoil of claim 2,
wherein at Ieast tllae |gst ar feature or he secon ra of features comprlses a first

feature and a secon eature. an wher nthe 1ad]f|?)s(ta?enaf’ut|¢§ et drngi28 #iglthe second
feature defines ﬁl@@@@h{ﬁ@ﬂ?@dﬁ@ﬁ@rﬂlmdnﬁm firstdgzea plurality of features formed in the

substrate, and a coating layer formed on the substrate and the plurality of features.
For ease of description, the technique of FIG. 15 will be described with reference
to blade tip 214 shown in FIGS. 11A—C, but it will be understood that the
technique of FIG. 15 may be utilized on another component of a mechanical
system, such as, for example, a turbine blade track, a turbine seal segment, or the
like.

[0182] Initially, an array of features 236 is formed in airfoil substrate 232 (400).
The array may include a plurality of features 236, which may be formed proximate
to edge 216 without intersecting edge 216. The features 236 may include, for
example, linear grooves, linear projections, sinusoidal grooves, sinusoidal
projections, a grid formed by linear or sinusoidal grooves or projections, circular
depressions, circular projections, hexagonal depressions, hexagonal projections,
elliptical depressions, elliptical projections, or combinations of these features 236.
The features may be formed by, for example, chemical etching, photolithography,
laser machining (e.g., laser grooving), electrochemical machining, electro-
discharge machining, micromachining, vibropeening, or the like.

[0183] In chemical etching and photolithography, portions of airfoil substrate 232
are exposed to a chemical that reacts with airfoil substrate 232 to remove material
from airfoil substrate 232. By controlling the locations that are etched by the
chemical and the amount of time for which airfoil substrate 232 is exposed to the
chemical, the shape of the features 236 may be controlled. The locations that are
etched may be controlled by covering portions of airfoil substrate 232 that are not
to be etched with a layer of material that is inert with respect to the chemical
etchant. Features 236 that are defined as depressions in airfoil substrate 232 may
be formed by covering portions of airfoil substrate 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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6. The airfoil of claim 2, wherein at least one of the first array of features or the second array of
features comprises a first feature and a second feature, and wherein the 15first feature defineg a_first
shape and the second feature defines a second shape different than the first shape. 7. The alrf0|l of
claim 2, wherein at least one of the first array of features or the second array of features comprises a
first feature, a second J(%g%ree a Ehi{qlge?%ure and a 20fourth feat re and wherein a first pitch between

the first feature Sra the Seeomd To ST al TV SHOT & SRR H e BEWRSRAMES hird feature and
the fourth featui? 6 8:cTHenghlelirofectaimf@stuiee 256. thierabatitignayed gompikiaesmat least one of a

cermet matefia'&BﬁM&Wéﬂ'@%r\%@&f%Q{[ @%%L%%%%Urgo@ewneg gg%ugcﬁ?ggsi%i 1gngfof
airfoil substrate 232, to selectively define depressions and projections.
[0184] In laser machining, a source of electromagnetic energy, such as an excimer
laser, is used to generate a series of electromagnetic pulses of a wavelength that is
absorbed by airfoil substrate 232. The intensity of the pulses is sufficient to cause
portions of airfoil substrate 232 that absorb the energy to vaporize. Sequential
exposure of different portions of airfoil substrate 232 may be used to vaporize
airfoil substrate 232 and form features 236.
[0185] Other methods of forming features 236 may include mechanical removal of
portions of substrate by, for example, a pressurized stream of water, an abrasive,
water carrying an abrasive, or a tool that is sufficiently hard to deform airfoil
substrate 232 or remove material from airfoil substrate 232. Alternatively, airfoil
substrate 232 may be initially formed with features 236, thus removing the need
for a separate machining step. According to one example, airfoil substrate 232
may be cast with features 236. An inverse profile of features 236 may be formed
into a mold, e.g., a sand mold or metal mold, and then the constituent material for
airfoil substrate 232 may be poured into the mold. In this manner, features 236 can
be formed into surface 238 of airfoil substrate 232.
[0186] Once the array of features 236 is formed in airfoil substrate 232 (400), a
first coating layer 234 may be deposited on airfoil substrate 232, including the
array of features 236 (402). As described above, first coating layer 234 may
include an alloy, such as a MCrAIX alloy, or a ceramic-metallic material. In a
variety of examples, a ceramic-metallic material may be modified by inclusion of
one or more modifying elements, such as alumina, chromia, chromium carbide,
and combinations thereof. In different examples, first coating layer 234 may be an
oxidation-resistant coating, such as an aluminide coating including, e.g., a
platinum-aluminide diffusion coating. Alternative compositions for first coating
layer 234 are possible, as will be appreciated by those of skill in the art.
[0187] First coating layer 234 may be formed on airfoil substrate 232 by, for

example, a thermal spraying technique, such as air plasma spraying (APS), low
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25Fe, Co, Ni, and combinations thereof, and X is selected from the group consisting of V. Ce, La, Si,
and combinations thereof MCSLLP 9.The airfoil of claim 8, wherein the coating layer defines a
thickness between approximately 10 mils and approximately 20 mils inches. 510.The airfoil of claim 2,
wherein the coating layer defines a first coating layer, and

pressure plasma spraying (LPPS), high velocity oxy-fuel spraying (HVOF),
electroplating, or the like. First coating layer 234 may be formed to a thickness
between approximately 0.001 inches and approximately 0.050 inches including,
e.g., between approximately 0.005 inches and approximately 0.040 inches. In
some examples, first coating layer 234 may define a thickness between
approximately 0.010 inches and approximately 0.020 inches. In some examples,
first coating layer 234 may substantially reproduce the geometry of airfoil substrate
232, including features 236. In other examples, first coating layer 234 may
substantially reproduce the geometry of airfoil substrate 232 without reproducing
features 236. In these examples, an additional portion of first coating layer 234
may be supplied on airfoil substrate 232, e.g., to fill depressions defined by
features 236 or between features 236, thus leveling surface 238 of airfoil substrate
232 to create a substantially uniform surface 238.

[0188] After formation of first coating layer 234, a second coating layer 242 may
be formed on first coating layer 234 (404). Second coating layer 242 may be
selected based on the environmental conditions in which airfoil substrate 232 will
operate and, in various examples, may include an oxidation-resistant coating. As
described above, an oxidation resistant coating may include aluminide, which may
or may not be modified by one or more elements. In one example, a platinum-
aluminide diffusion coating may be used as an oxidation-resistant coating. Second
coating layer 242 may be formed using a variety of techniques including, e.g., the
techniques described for forming first coating layer 234. In some examples,
second coating layer 242 may diffuse into an underlying first coating layer 234 or
an underlying airfoil substrate 232. In some examples, second coating layer 242
may define a thickness that ranges from approximately 0.001 inches to
approximately 0.005 inches. As with first coating layer 234, second coating layer
242 may substantially reproduce the 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.

[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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further comprising a second coating layer on the first coating layer, the second coating layer
comprising at least one of platinum or aluminide. It.The airfoil of claim 1, wherein the coating layer
comprises an abrasive material. 10 12.A method comprising: forming a first array of features at a
lirst location on a surface of a tip of an airfoil, wherein the first array comprises a first pattern, wherein
the tip defines atrelc%g e between the tip and a sidewall of the airfoil, and wherein the edge extends

around the 15parimatEieo e 1io15ed SdRIQY LU Esne AN IP FttHE'S Bsrerbing iedBiS of the tip of
the airfoil at a sdcohglocakionswheiejnsthensetiynit aitaydoomprisgsatsE0aRdpPattErmdifferent than the

first pattern, wheyeln, e frsh gaian s pedicied fo.cxperlence st lovel ofsirces and the second
location is predlcte to experience a SGCOHC?%ZVGPO? stress dll?feren% ﬂan

and a second array of features formed in a second location in the substrate, where
the first array of features have a different configuration than the second array of
features (e.g., in terms of pattern, size, shape). Each of the first and second
locations may be selected based on stresses (e.g., thermal and mechanical) that the
first and second locations are predicted to experience during use. The predicted
stresses may be determined based on experimental data, e.g., data collected from
previously used or tested components, or may be predicted by theoretical modeling
(e.g., finite element analysis) of stresses on the component. In some examples, the
determined first and second locations may be different locations relative to edge
216 of blade tip 214. As described, stress forces may concentrate at edge 216 on
blade tip 214, allowing different locations of features relative to edge 216 to reduce
or eliminate the tendency of the concentrated forces to cause crack formation or
crack growth. In any event, data including, e.g., experimental data or modeling
data, may indicate different stress forces across blade tip 214, suggesting that some
areas of blade tip 214 are more susceptible to coating delamination than other areas
of blade tip 214.

[0190] FIGS. 16A~D are conceptual diagrams illustrating various examples of first
and second arrays of features formed in a substrate based on predicted stresses
experienced by first and second locations 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. 11A-C, but it will be understood the arrays of features may
be utilized on different locations of blade 200 or even on different mechanical
system components. Further, while the first and second locations of the arrays of
features are illustrated relative to edge 216 of blade tip 214, in different examples,
the first and second locations may be differently oriented, e.g., based on predicted
stresses.

[0191] FIG. 16A illustrates airfoil substrate 232 having a first array 500 of features

236 formed in a first location 502 on the surface of airfoil substrate 232 and a

second array 504 of features 236 formed in a second location 506 on the surface of
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20the first level of stress, and wherein the first array of features and the second array of features do
not intersect the edge; and forming a coating layer on the surface of the tip and the first and
second arrays of features. 2513.The method of claim 12, wherein forming the first array of features
comprises forming the first array of features proximate to the edge. MC SUP

airfoil substrate 232. In the example of FIG. 16A, first location 502 is proximate
edge 216 and second location 506 is disposed away from edge 216 of blade tip
214. In other words, second array 504 of features 236 is separated from edge 216
by first array 502 of features 236. Further, in the illustrated example, each of the
features 236 comprise at least one of a hexagonal depression 342a or a hexagonal
projection 342b.

[0192] In some examples, the predicted stress at first location 502 may be greater
than the predicted stress at second location 506. The stresses experienced by first
location 502 and second location 506, respectively, may include, e.g., shear forces
as blade tip 214 rotates in gas turbine engine 220 and thermal expansion and/or
contraction of airfoil substrate 232 and a coating (not shown in FIG. 16A) formed
on airfoil substrate 232. First location 502 may experience greater stresses due, for
example, to the position of first location 502 relative to edge 216, which may act a
stress riser or stress concentration location within airfoil substrate 232.
Conversely, second location 506 may experience less relative stress because of its
position disposed away from edge 216.

[0193] Accordingly, first location 502 may have formed therein a first array 500 of
features 236, which may provide greater stress mitigation than second array 504 of
features 236 formed in second location 506. For example, in the example
illustrated in FIG. 16A, features 236 in first array 500 are formed in a more closely
spaced pattern than features 236 in second array 504. Such a pattern divides airfoil
substrate 232 into smaller domains, and may better mitigate stress than the larger
spacing of features 236 in second array 504. Second array 504 may still provide
stress mitigation to second location 506 of airfoil substrate 232.

[0194] In a variety of examples, positioning different arrays of features in different
locations relative to an edge can affect the subsequent performance of the
mechanical system component. With respect to the described blade tip 214, for
example, the location of first array 500 of features 236 and 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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14. The method of claim 13, wherein at least one of the first array of features or the second array of
features comprises an array of at least one of linear grooves, linear projections, sinusoidal grooves,
sinusoidal projections, circular depressions, circular 5projections, ellipsoidal depressions, ellipsoidal
projections, hexagonal depressions, or hexagonal projections. 15. The method of claim 14, wherein

forming the at least one,of the first array of features or the second y of features cqmprises forming
the array of fea?j}r%eég ﬁthetﬁ%afé?égfuﬁ%ue{ﬁi%%gge Oar%ol{elélqs?r %rﬁl %e:jvégy #losﬁn%ﬁé:xea gea’efined by the
tip. 16. The mefheid whtlaid024nd/breraid bcksmst ite wiithenticdirarrapiidatutes@anthe second array

offeatures comprises s} 5 Le0 AsGANR [BRLE. ANE WHRISIDNS F1stIgallye defines at least

one of a first depth or a first'height, and the second feature 15defines at least one of'a second depth
different than thegirst BEpH sliasesdhd drorgHtcedimate rrsasantend irdBReight.

[0195] Although features 236 in FIG. 16A are depicted as being uniform in size
and shape, in some examples a single array 500 or 504 may include a pattern of
features 236 including more than one shape and/or more than one depth or height.
Examples of arrays including different shapes, depths, and heights are illustrated
throughout this disclosure including, e.g., in FIGS. 7D, 8, 16D, and 17.
Alternatively or additionally, a single array 500 or 504 may include a pattern in
which a size of the features 236 changes throughout the array 500 or 504. For
example, the size of features 236 may monotonically increase in one or two
perpendicular dimensions, or may increase and then decrease in one or two
perpendicular dimensions. Alternative configurations of features 236 as described
herein are contemplated for first array 500 and second array 504.

[0196] As FIG. 16B illustrates, in some examples airfoil substrate 232 may include
a transitional region 520, which includes a transitional array 526 of features 236.
Transitional region 520 is located between a first location 522, which includes a
first array 528 of features 236, and a second location 524, which includes a second
array 530 of features 236. Within transitional array 526, the spacing, or pitch,
between adjacent features 236 may change substantially continuously from the
spacing of features 236 in first array 528 to the spacing of features 236 in second
array 530.

[0197] For example, to transition from first array 528 to second array 530, each
subsequent row within transitional array includes fewer features 236, and an
increased spacing between adjacent features 236 within the row. In this way,
transitional array may smooth the transition from first array 528 to second array
530. Transitional array 526 may provide stress mitigation that is intermediate
between first array 528 and second array 530, and stress mitigation may change
within transitional array 526 as the features 236 or spacing of features 236 change

within transitional array 526. For example, the stress mitigation provided by
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17. The method of claim 14, wherein at least one of the first array of features or the second array of
features comprises a first feature and a second feature, and wherein the 20first feature defines a first
shape and the second feature defines a second shape different than the first shape. 18. The method
of claim 12, wherein the first array of features comprises an array of at least one of linear grooves,
linear projectiongasgr%ysoidal rooyes, sjinusoidal 25projections, circular depressions, circular

projections, ellipSoidal depressions  aNiPSSia PrdiRehBie [hEigoR% Pd8fasdsritest hexagonal

projections. mitigation provided by transitional array 526 proximate to second array 530.
[0198] Although FIG. 16B illustrates only the pitch of features 236 changing
within transitional array 526, in other examples, a size, depth, height, or shape of
features 236 may change from being similar to features 236 within first array 528
to being similar to features 236 within second array 230. In some examples, two or
more characteristics of features 236, e.g., size, shape, depth, height, or pitch, may
change within transitional array 526.

[0199] FIG. 16C illustrates airfoil substrate 232 including a first array 550 of
features 236. In first array 550, features 236 comprise linear features on airfoil
substrate 232 formed at a first location 552 of airfoil substrate 232. In various
examples, linear features may include linear grooves, linear projections, or a
combination of linear grooves and linear projections, as described with respect to
FIGS. 13A and 13B. Airfoil substrate 232 also includes a second array 554 of
features 236 formed at a second location 556 of airfoil substrate 232, and a
transitional array 556 of features 236 formed in a transitional region 558 of airfoil
substrate 232. First array 550 includes a first spacing between adjacent features
236, and second array 554 includes a second spacing between adjacent features
236. Transition array 556 includes spacing between adjacent features 236 that
changes from being similar to spacing between features 236 in first array 550 to
being similar to spacing between features 236 in second array 554. In this way,
transitional array 556 provides a substantially continuous transition from the patter
of features 236 in first array 550 to the pattern of features 236 in second array 554.
[0200] In a variety of examples, the predicted stress at first location 552 and, in
particular edge 216, may be greater than the predicted stress at second location 556
or transitional region 558. Thus, locating first array 550 of features 236 at edge
216 so features 236 intersect edge 216 may be desirable to mitigate the stress on a
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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19.The method of claim 12, wherein the first array of features and the second array of features are
formed at least 50 mils away from the edge defined by the tip. 520.The method of claim 12, wherein
the first pattern comprises at least 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 £om 1réseesf trlrtlaa%st one, é‘axgec%\g éﬁejh ghtigsle feg}uref ifgeﬁrent than the first
depth of the featlres. a sedond NeIght of the faaiiPes Uiteranf tial & st Hefghiaip e features, 10 a
second size of 23é feailireg different¢hdietierfiesifdizaenphiha featureiae & BecOHhd duitich Detween the
features difereqdhan the: istpiteheinieqn s fearuias, aLa seeand shaps of e features different

than the first shape of the features. “21. The met m 13, wherein'the coating layer comprises

at least one of &PFerRfCRMRE RN BYBUNCERIXCEIYaxierecNE 246 livcledifmahe group consisting
of Fe, Co, Ni, angheatmhnatiees 1081eal:Rad wids 38jReted fiem;te group consisting of V, Hf, Cc, La,

Si, and Combm?ﬂtlz%rﬁ %;l/?lirleeolgl(}s. 16A-16C illustrate first and second arrays of features 236 that
include similar features 236, in some examples the first and second arrays may
include different features 236, as illustrated in FIG. 16D. In FIG. 16D, airfoil
substrate 232 includes a first array 560 comprising hexagonal depressions 236p,
hexagonal projections 236q, elliptical depressions 236r, and elliptical projections
236s formed at a first location 526 of airfoil substrate 232 and a second array 564
of circular depressions 236s and circular projections 236t formed at a second
location 566 of airfoil substrate 232. In addition, features in first array 560 are
formed in a more closely spaced pattern than features in second array 564, which
may provide greater stress mitigation in first location 562 than second location
566. In a variety of examples, first location 562 and second location 566, and
hence first array 560 and second array 564, may arranged a minimum distance
away from edge 216 including, e.g., minimum distance 304 described with respect
to FIG. 13A.

[0202] First array 560 includes hexagonal depressions 236p, hexagonal projections
236q, elliptical depressions 236r, and elliptical projections 236s. In other
examples, other combinations of features may be utilized in a single array, e.g.,
first array 560, and more than two features may be utilized in a single array.
Hexagonal depressions 236p, hexagonal projections 236q, elliptical depressions
236r, and elliptical projections 236s are shown in FIG. 16D solely as an example
of one combination of features. In addition, although the pitch between adjacent
features 236 within first array 560 is shown as being 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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22. The method of claim 21, wherein the coating layer comprises a first coating 20layer, and further
comprising forming a second coating layer on the first coating layer, the second coating layer .
comprising at least one of platinum or al uminide. 23. The method of claim 12, wherein the coating
layer comprises an abrasive material.

[0203] Both the pitch and the shape of features 236 changes between first array
560 and second array 564. Once again, circular depressions 236s and circular
projections 236t are merely exemplary, and any shape of features 236 may be used
in second array 168.

[0204] In some examples, instead of the shape and/or pitch of features 236
changing between first array 166 and second array 168, the shape and/or pitch of
features 236 may not change, and the size and/or depth/height of features 236 may
change between first array 560 and second array 564. In fact, any combination of
characteristics of features 236, e.g., size, shape, pitch, depth, height, cross-sectional
shape, or the like, may change or may not change between first array 560 and
second array 564.

[0205] Additionally, as illustrated in FIG. 16D, features 236 may be formed and
may vary relative to edge 216, e.g., based on predicted stress. In the example of
FIG. 16D, first array of features 560 is formed proximate to edge 216 without
intersecting edge 216. In various examples, first array of features 560 may be
immediately adjacent to edge 216 without intersecting edge 216. In other
examples, first array of features 560 may arranged a minimum distance away from
edge 216 including, e.g., minimum distance 304 described with respect to FIG.
13A.

[0206] Although not depicted in FIGS. 16A~16D, in some examples, a first array
of features may include 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. 13D). Further, a first and/or second array of features
may include a combination of continuous and discrete features, e.g., as illustrated
with respect to FIG. 13G. Other combinations of features and arrays of features
will be apparent to those of skill in the art.

[0207] FIG. 17 is a cross-sectional diagram of an exemplary airfoil substrate 232
that includes a plurality of features 236 formed in surface 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 w1. First feature 236t is arranged proximate
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to edge 216 without intersecting edge 216. Second feature 236u includes a depth
dl and a width w2. Width w2 is greater than width w1 in the example of FIG. 17.
Third feature 236v includes a height h2 and a width w3, which are greater than
height h1 and width w1, respectively, of feature 236t. Finally, fourth feature 236w
includes a depth d2 and a width w4, which are greater than depth d1 and width w2,
respectively, of feature 236u. Features 236t, 236u, 236v, and 236w are arranged in
a repeating pattern, alternating between projections and depressions.

[0208] It shall be appreciated that the example of FIG. 17 is merely illustrative. In
other examples, features 236 may be all projections, all depressions (e.g., FIG. 8),
or may include a different arrangement of projections and depressions. Further,
the depth and/or height and/or width of features 236 may vary other than as
illustrated in FIG. 17, e.g., one of depth or height may change while width remains
constant. As described above, in addition to or instead of the depth and/or height
and/or width changing, a shape, cross-sectional profile, or pitch of features 236
may change within an array. Although not shown in FIG. 17, one or more coatings
may be formed on surface 238 of blade tip 214. As described in this disclosure,
features 236 may, for example, increase adhesion of such coatings to surface 238
compared to examples in which the surface of a blade tip is substantially planar.
[0209] FIG. 18 is a flow diagram of an exemplary technique for forming an article
including a first array of features in a first location of a substrate and a second
array of features in a second location of the substrate. The technique of FIG. 18
will be described with reference to FIG. 16A for ease of description, but it shall be
understood that the technique of FIG. 18 will applicable to other examples
including a first array and second array of features formed in a substrate.

[0210] Initially, a first array 500 of features 236 is formed in a first location 502 on
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

64



projections, elliptical depressions or projections, or combinations of these features
236. Features 236 with different shapes may also be implemented. Features 236
may be formed by, for example, chemical etching, photolithography, laser
machining, electrochemical machining, electro-discharge machining,
micromachining, vibropeening, or the like. Alternatively, features 236 may be cast
into airfoil substrate 232. When first array 500 of features 236 includes both
projections and depressions, as illustrated in FIG. 16A, the projections and
depressions may be formed substantially simultaneously (e.g., formed at the same
time) or formed sequentially (e.g., either the projections or depressions may be
formed and then the remaining set of either projections or depressions may be
formed).

[0211] As described above, first location 502 may be selected or determined based
on a prediction of stress that airfoil substrate 232 will experience during use. The
stress may be predicted 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. Further, in some examples, the stress may be predicted based
on theoretical stress calculations, e.g., based on the material properties of airfoil
substrate 232 and one or more coating layers.

[0212] Once first array 500 is formed in airfoil substrate 232 (600), second array
504 of features 236 may be formed in a second location 506 of airfoil substrate 232
(602). A process similar to that used to form first array 500 may be used to form
second array 504. In some examples, second array 504 may be formed
substantially simultaneously with first array 500. In other examples, second array
504 may be formed after first array 500. According to one example, all projections
(including in first array 500 and second array 504) are formed in airfoil substrate
232 followed by the formation of all depressions (again, including in first array
500 and second array 504) in airfoil substrate 232.

[0213] Similar to first location 502, second location 506 may be selected or
determined based on a predicted stress that airfoil substrate 232 will experience
during use. The predicted stress may be made based on experimental data, such as
data collected during use of a similar substrate under similar condition to those

which airfoil substrate 232 will experience. In some examples, the predicted stress
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may be made based on theoretical stress calculations, e.g., based on the material
properties of airfoil substrate 232 and one or more coating layers.

[0214] As described above, first array 500 and second array 504 may include first
and second patterns of features 236, respectively. The patterns may be defined by
a shape, size, depth, height, pitch, or cross-sectional profile of the features 236. In
some examples, only one of these characteristics may change between first array
500 and second array 504, while in other examples, two or more of these
characteristics may change between first array 500 and second array 504.

[0215] Although not shown in FIG. 18, in some examples the technique may
optionally include forming a transitional array (e.g., transitional array 526 in FIG.
16B) in airfoil substrate 232. As described above, the transitional array may
include a pattern which transitions from being similar to the pattern in first array
500 proximate to first array 500 and being similar to second array 504 proximate to
second array 504. The transitional array may be formed by any of the processes
used to form first array 500 and/or second array 504. In some examples, the
transitional array may be formed substantially simultaneously with first array 500
and/or second array 504. In other examples, transitional array may be formed
sequentially with first array 500 and/or second array 504.

[0216] Once first array 500, second array 504 and, optionally, the transitional array
have been formed in airfoil substrate 232, a first coating layer 234 (FIG. 11) may
be formed on airfoil substrate 232, including features 236 in first array 500 and
second array 504 (604). As described above, first coating layer 234 may be a blade
tip coating. In some examples, first coating layer 234 may include an alloy, such
as an MCrAlX alloy, or a ceramic-metallic material. In a variety of examples, a
ceramic-metallic material may be modified by inclusion of one or more modifying
elements, such as alumina, chromia, chromium carbide, and combinations thereof.
In different examples, first coating layer 234 may be an oxidation-resistant coating,
such as an aluminide coating including, ¢.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.

[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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pressure plasma spraying (LPPS), high velocity oxy-fuel spraying (HVOF),
electroplating, or the like. First coating layer 234 may be formed to a thickness
between approximately 0.001 inches and approximately 0.050 inches including,
e.g., between approximately 0.005 inches and approximately 0.040 inches. In
some examples, first coating layer 234 may define a thickness between
approximately 0.010 inches and approximately 0.020 inches. In some examples,
first coating layer 234 may substantially reproduce the geometry of airfoil substrate
232, including features 236. In other examples, first coating layer 234 may
substantially reproduce the geometry of airfoil substrate 232 without reproducing
features 236. In these examples, an additional portion of first coating layer 234
may be supplied on airfoil substrate 232, e.g., to fill depressions defined by
features 236 or between features 236, thus leveling surface 238 of airfoil substrate
232 to create a substantially uniform surface 238.

[0218] After formation of first coating layer 234, a second coating layer 242 may
be formed on first coating layer 234 (606). Second coating layer 242 may be
selected based, e.g., on the environmental conditions in which airfoil substrate 232
will operate and, in various examples, may include an oxidation-resistant coating.
As described above, an oxidation resistant coating may include aluminide, which
may or may not be modified by one or more elements. In one example, a
platinum-aluminide diffusion coating may be used as an oxidation-resistant
coating. Second coating layer 242 may be formed using a variety of techniques
including, e.g., the techniques described for forming first coating layer 234. In
some examples, second coating layer 242 may diffuse into an underlying first
coating layer 234 or an underlying airfoil substrate 232. In some examples, second
coating layer 242 may define a thickness that ranges from approximately 0.001
inches to approximately 0.005 inches. As with first coating layer 234, second
coating layer 242 may substantially reproduce the 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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CLAIMS:
1. An airfoil comprising:
a sidewall;

a tip that defines an edge between the tip and the sidewall, wherein the edge
extends around the perimeter of the tip;

a first array of features formed at a first location on a surface of the tip, wherein
the first array comprises a first pattern;

a second array of features formed at a second location on the surface of the tip,
wherein the second array comprises a second pattern different than the first pattern,
wherein the first location is predicted to experience a first level of stress and the second
location is predicted to experience a second level of stress different than the first level
of stress, and wherein the first array of features and the second array of features do not
intersect the edge; and

a coating layer formed on the surface of the tip and the first and second arrays of

features.

2. The airfoil of claim 1, wherein at least one of the first array of features or the
second array of features comprises an array of at least one of linear grooves, linear
projections, sinusoidal grooves, sinusoidal projections, circular depressions, circular
projections, ellipsoidal depressions, ellipsoidal projections, hexagonal depressions, or

hexagonal projections.

3. The airfoil of claim 2, wherein at least one of the first array of features or the

second array of features is formed at least 50 mils away from the edge defined by the

tip.
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4. The airfoil of claim 2, wherein at least one of the first array of features or the
second 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.

5. The airfoil of claim 2, wherein at least one of the first array of features or the
second array of features comprises a first feature and a second feature, and wherein the
first feature defines a first size and the second feature defines a second size different

than the first size.

6. The airfoil of claim 2, wherein at least one of the first array of features or the
second array of features comprises a first 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 at least one of the first array of features or the
second array of features comprises a first feature, a second feature, a third feature, and a
fourth feature, and wherein a first pitch between the first feature and the second feature

is different than a second pitch between the third feature and the fourth feature.

8. The airfoil of claim 2, wherein the coating layer comprises at least one of a
cermet material or a MCrAIX alloy, where M is selected from the group consisting of
Fe, Co, Ni, and combinations thereof, and X is selected from the group consisting of Y,

Hf, Ce, La, Si, and combinations thereof.
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9. The airfoil of claim 8, wherein the coating layer defines a thickness between

approximately 10 mils and approximately 20 mils inches.

10.  The airfoil of claim 2, wherein the coating layer defines a first coating layer, and
further comprising a second coating layer on the first coating layer, the second coating

layer comprising at least one of platinum or aluminide.

11.  The airfoil of claim 1, wherein the coating layer comprises an abrasive material.

12. A method comprising:

forming a first array of features at a first location on a surface of a tip of an
airfoil, wherein the first array comprises a first pattern, wherein the tip defines an edge
between the tip and a sidewall of the airfoil, and wherein the edge extends around the
perimeter of the tip;

forming a second array of features on the surface of the tip of the airfoil at a
second location, wherein the second array comprises a second pattern different than the
first pattern, wherein the first location is predicted to experience a first level of stress
and the second location is predicted to experience a second level of stress different than
the first level of stress, and wherein the first array of features and the second array of
features do not intersect the edge; and

forming a coating layer on the surface of the tip and the first and second arrays

of features.

13.  The method of claim 12, wherein forming the first array of features comprises

forming the first array of features proximate to the edge.
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14.  The method of claim 13, wherein at least one of the first array of features or the
second array of features comprises an array of at least one of linear grooves, linear
projections, sinusoidal grooves, sinusoidal projections, circular depressions, circular
projections, ellipsoidal depressions, ellipsoidal projections, hexagonal depressions, or

hexagonal projections.

15.  The method of claim 14, wherein forming the at least one of the first array of
features or the second array of features comprises forming the array of features with the

features arranged at least 50 mils away from the edge defined by the tip.

16. The method of claim 14, wherein at least one of the first array of features or the
second 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.

17. The method of claim 14, wherein at least one of the first array of features or the
second array of features comprises a first 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.

18.  The method of claim 12, 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 depressions, ellipsoidal

projections, hexagonal depressions, or hexagonal projections.
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19. The method of claim 12, wherein the first array of features and the second array

of features are formed at least 50 mils away from the edge defined by the tip.

20.  The method of claim 12, wherein the first pattern comprises at least 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
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.

21. The method of claim 13, wherein the coating layer comprises at least one of a
cermet material or a MCrAlX alloy, where M is selected from the group consisting of
Fe, Co, Ni, and combinations thereof, and X is selected from the group consisting of Y,

Hf, Ce, La, Si, and combinations thereof.
22. The method of claim 21, wherein the coating layer comprises a first coating
layer, and further comprising forming a second coating layer on the first coating layer,

the second coating layer comprising at least one of platinum or aluminide.

23. The method of claim 12, wherein the coating layer comprises an abrasive

material.
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