;e3el (n68Tg PROCESS - OF REMOVI NG A CQOATI NG DEPCSI T FROM A THROUGH HOLE I N A
COVPONENT AND COMPONENT PROCESSED THEREBY (1) FIELD OF Tgmummmmme
present invention generally relates to coatings deposite ts
wi th' t hrough-holes that are desired to remain open after the gQafd ng
process. More particularly, this invention is directed to a nethod for

renovi ng coating deposits fromthrough-holes in a conponent surface w thout
damagi ng t MROGESS Wil REMANIING dpCOATINSUDEROS] T HEROM o\ RHELEIGHBORE engi ne

conponent equi pped, W | i f i SS is
pronoted as a r E@ a wofﬁ“?@ﬁ@ﬂﬁ%k@g{?@fg@@@@@&%%@ ﬁ#@élgg THE RELATED
ART Conponents located in certain sections of gas turbine engines, such as
t he turbine, conbustor and augnentor, are often thermally insulated with a
ceramic layer in order to reduce their service tenperatures, which allows
the engine to_operate nore efficiently at higher tenperatures. These
coatings, 6bx EFEIROE FHE INYENIYREr mal barrier coatings (TBC), nust have

| ow t hermal conductivity, strongly adhere to the article, and renain
adherent t t: h ' ]! i t

capabl e ofﬁégp?ésg yilrlllggrtﬁﬁogsg&ﬁekedglgi %ggrreesﬁﬁ)sutjd;%igg)aq%})gﬁtleﬁc u%légﬂg()&rréfsaﬁpﬁc bond
coat that thdhghdmldshehat aee rdebirédn sulrahaingopesr afterc theayeatinizoptobessc odpmnent ,
form ng what , be terned a, TBC system | oxides, such as .zirconia
(21 02)  par EIHPHY S i G epies SIS0 Byns/bed 4 E9USR ComIBHEBpa (D) or
ot her  oxi d@soughaifesO46Na WdhHone MY vithohbh &idiBlofid ahe file tWAlLs and
thermal -insulating ceram c l"ayer. The ceramic layer 1s typically deposited
by air pl asamepaenasurfage ARE)o algaw tprbies enging campencnp eqyipped (ithRS)olingr a
physi cal vapor deposii.ion.(PVD) techni ,_such.as..el ectron _beam physi cal
Danor depctney wheFeRplag rriighest S ROmAER oy eSSy B sy DprogaT

oxi dation-resistant diffusion coating such as a diffusion alum nide or

pl ati num a2yribBSCRIPTIONIOFORIEB RBIATFERART ant al | oy such as MCrAlY (where M

is iron, cobalt and/or nickel). 1 Y Wil e TBC systens provide
significang, thermal protection to the underlying canponent sybstrate,
i nt er nal céempﬂ@en& lacated dR <R FRINSGEHoNSsO iR eRgIARy $uelhes e BIHS.bI ades

(buckets) affRAAZhESubtBeR)ard StQ iheAndIRCRSAREY withs cdB%iPRy&TRIRYEd 10
conbination wth or inlieu of a TBC. A r-cooled conponents of a gas

t ur bi ne engi nalucy gheial deyvice dempaatutest which cdloivis nthea¢ngifd dav dpsraté sudrar ged

t hr ough cargef ul nfiqured cooli hol es th distribute.a cqqling film
over the. oSt ef Bapragbititn kst Shefiebrileoat Gih 8L S Reid Sont ng
flow. The gdahingé €ETBE), Ghust Ha0O ldvh ShddRlaP cERitchgity Uddhilli RileRRYiot the aglickghar ge
coefficient, Cd, which is the ratio of the effective area of a cooling hole

based on f fislvemais adkarenittBrougheud angstyyagaging and eqoling eyrdeshobeatingrysiemsect i ve
area is le ' . 3 i Lipns
 thi -t he ThapR Y salryBl BlebPloaibAcs (pEAR, Lk RE S HELARERGRNCdk S 1 e
r esi st anceadlerasi the tHeomal-insaatide tdramivolager tGalxs esmpottehi, foming edmemapbewhi ch
cooling holes are med and, confiqured are critica cause the size,
shape and ?HPF%@eTbgLaYstt?’anNfﬂaqe‘Eah:esoﬁEa? §is) %@9@@#{@2 H%’f@”ﬁpﬂ{tﬁ’h}?’ ai r
Flow exi ti pngnilided Bpeqtid (%09, lH0Esid TR1g0NCoAIkh | QNG Bhatd Bk Qduyt hi n
the cooling circuif ctontaining the hole.

employed as the material for the thermal-insulating ceramic layer. The ceramic layer

is typically deposited by air plasma spraying (APS), low pressure plasma spraying

(LPPS), or a physical vapor deposition (PVD) technique, such as electron beam

physical vapor deposition (EBPVD). Bond coats are typically formed of an

oxidation-resistant diffusion coating such as a diffusion aluminide or platinum

aluminide, or an oxidation-resistant alloy such as MCrAlY (where M is iron, cobalt

and/or nickel).
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For conponents that do not require a TBC, cooling holes are typically
formed by such conventional drilling techniques as el ectrical-discharge
machi ning (EDM and | aser nachining, or with conplex advanced casting
practices that yield castings with dinensionally correct openings. Typical
di schay.ge coefficients for EDM and | aserdrilled cooling holes in air-cool ed
conbustor liners are on the order of about 0.72 and about 0. 88,

r espect i veWhileoTBiCe systemBDMpmaiieo signéficase dhérmal oprotectioh i tog thol wslerlying

conponent having a TBC since the ceramic is electrically, noncanducting, and
[ aser  macHURECICREHE PUraHarIol R S HOTHRAPHS SUtkAnEbTRE BT ki ng

the int erfﬁ%ﬂﬁn@ﬁfa ué%)%ﬁﬂﬂeﬂﬁﬁgi(vﬁf#/ﬁw e ROEkshVe at AT be eniGREd! Ngl Yy,
cooling holes are often machined by EDM and laser drilling after deposition
of the boni ewatingicn withar ihdieapy] 4 IBC. oAiBfoddrecaB@neHGWelv21gas turkinpr esence

of TBC deposits in the coolin ol es..of an_.air-cqol.ed cogponent c

det 11 mrent AT HFUEALY, a0 (O B 0P T, ABWC B oHE IS oS FLSt ¢ he

TBC al t eri gghffoliRdioBRRg AOKs iRd dfskrithtd Q%o@l'ir%eﬁﬁxfl oV EethE @BMpHEenR QR Ni NYS.

For TBC s deposited by plasma spraying (APS and LPPS), a significant anount

of cer ani cinggasdibe gfpetbvieness of ithet ¢noling Slowvn gl hieoifBeicngreol ajeqebing hplerag be

ffici |y t.hi BC;. h Ly i l.at.e. h..h '
> combustirlfied by IR Gttt iciony, Co MR M S RE R R T BB Son § °°
occurs W t gooliay hoae bhsel b €ibvainicasi@ements conBe hpbisal el ofl the ol UrThewhen

refurbishing a TBC on_a component returned fromthe field, During
ref ur bi shi ﬁge,ctlaﬁ pregfis lespthapithe phiigsbaga ap aresal I srdace condifions syithin thenpved,

and new b C r i 1 MM . s o] ing hol es
can be obg{‘]r &C@ @B’d‘?}@qﬁ‘:’er%& cg o?gg%to Eﬁtlhhec}i\%éﬁaagg%{&(gehgggﬁ%g@ér}éﬁe?f?gﬁs. From
t he above, thréughathe h®les e Eonseaéntlya pudcasdes riynghiah dcobBifig) hbles e forared aind- cool ed
conponent protected by .a TBC is conplicated by the reguirepent that the
cool i ng hotWdIEHETeA™, CéBfﬂll?ﬁ?a}“é? it shape ard SUrfsgscrpndifipps ERFEARSEINGns ar e
to limt thgellhekReamotht b Gir fRfw ARIdCthe OpentHy” S hAEGTHRE! HerdlCTIbRT M @
final operation to renove ceramc fromthe cpoollng holes 1n order to

r eest abl i stistribatice sithgthsicpelirgarauktapeatasfing the hopeni ngs. Vari ous techni ques
have been proposed for this purpose. Japanese Lai dOpen Patent No. Hei sei

9- 158702 di.scl oses [ Ss. by whi f | ui [ ¢ f kaf / cn
(about - a90F Sy Honefis e iE w5, BiutTh IBC sbiihdtis B ST Rhechy il o
conponent , cabehtidriaddrillivg febhhigudsl fveleatitalidischugp hivhiniag (EDYHhaldelasgreni ngs

and, in doing so, renoves ceram ¢ nmaterial that had bl ocked the coogling

hol es as amegliping. of Witk commlenaAvansed rgstinga PEStiGEs Hhat aeld esagtings Wather i al
after the L d- t J L i L U S
Pt ant . B B b e T o A et g
hol e i s redoNetcosling hales éi aipropled teethbustoa tivers lre amiho ardel of abdud O/ 2cdndt he
very hi gh BIES e sSneSTy.ackes PR ceietdsatiefigtdnntiaeies ROk thét & on
the coat edc&HﬂSérﬁ:ﬁ?h&vﬁn%’ RAPHE GBteRRE dbtamid ReclcQABARLAdncoh&RIihg SR RSerds a
mask to prevent the jet fromeroding the coating. Wile it is known to
modi fy a wetaehipisg isoprepattaispalling dbe dsitile ceiamie THC by, craddepittheintgrface
nonspher i Cale AL WE LRGP SRR S07 BE' AR CHASSdingR! 384iGeNLIBS g Own
that the erosion and abrasi On cause Yy aBraS| ve par g Pes i a water |et
at pr essur gicrafachiateby EBDMmnd daser dellingi afted dgmsitionasths buat eday bdeprge t he

cooling hole and the surroundi ng conpgonent surface. In addition, abrasive
material s inhapnlicaiomef the TBG: gHpweyers thecprgsence o1 (HRC deposits indhe coqling

abr asi ve i n e J Lfaf ay: at omt he
mat eri al p}e?gnlggeo a%'y%%-ﬁggﬁegt&%ngﬁtr &e%uﬁ%t,hme%{eﬁlugpée%t&é ?%ﬁ\%’g {1 U|8fdf(Hr$ust be
di sposed otompdrienh agddesninwinhe TBEOaktering theeshapo and seduBiRigEthe SidVBRMeOF THE

| NVENTI ON
cooling hole openings. For TBC’s deposited by plasma spraying (APS and LPPS), a

significant amount of ceramic can be deposited in the cooling holes when depositing a

sufficiently thick TBC to thermally insulate such hot section components as
2



According to the present invention, there is provided a process of renoving
deposits froma through-hole in a conponent, an exanple being portions of a
metal lic and/or ceramc coating material deposited on a surface of an

ai r-cool ed gas turbine engine conponent. The process is particularly
effective in renoving a TBC material deposited in a cooling hole of a
component as a result of coating a surface of the component with the TBC
mat eri al , ¢ombstorHinklse Tlgpobstiuction b€roolag halesnwitheTBO alot glyhedcarsmvithout

damagi ng the cool jng hole or, the TBC surroundi ng the coo hol e_on the
coated surfatEHH aﬁﬁléedc%}rrﬁewsﬁpomnoeﬁné% bi a0 pegirs a@epsreﬁjélﬁla?h%é BBl i ng
hol e, i ncl r ndi ng
fhe exi £ of b Ra R R ok e i R alTRE Bl s ol

i ncrease tdémt dmckEB@r@et)qmaﬂlf}qrememd efd néve bood koatgnt AIBC amsdepvsmbdnwﬁﬂ by an
increase ipn the effecti.ve eao the c hol e. .According.to a
bref ey ed ettt GrCRRlng Kol Rebhe PratSLby Heporis ag BSE e pod chnand
conmponent sprfagerifych that dep05| ts do not fully close the through-holes,
t hereby providing wtness holes. The processing steps generally include

directing a Ilg':u dcont ai ni ngﬁj et at a through-hole fromthe surface of the
conponent bBigposie ebavke itcesat smmr that mantrf@étqungtar@otﬁlabwbmﬁow atsrcasiede

par 1ol ee. Ty mRGER B PR SoRBLEREL BY e BRIt RIS BUECRE g vnose

particles helve r@hﬁhpapp%p?ﬁtély maeﬁ@esmpwe ]r;apxcalssdmuitﬁfr@r@bltw Bt thed from
a nozzle at a pressure 8eneral|y insufficient to effectively renove

subst ant i athisknggsiofdhe TRE apphed o, nare preferablyopetarm 3 Heal opetatipn taremayedi a
were not p I

i mar 1y By R ook hofeR i oldPH ckoqdl R YR gcled B APUBbE ol e,
itself. A ompinipse Varatus rte:lquubhhavmbmtpropnseé fom'éusmurbosey Iapamnsemaub a

conponent surfaces sur t he hol e hol e are
Comooren! atfeR Pt e 01 AT dedspen Ategss Wowtichd it BCpriiiesrit o 1 <
| ncr eased. si R GUbAY 490 1) SHHIACS: FRRHLIAIONR B ifIBASEoPH] LACRBIERAVE (e

appear ance of ng | npacted, which visibly differs fromsurfaces produced
by EDM andcdrapanent} suclnﬁlahrthﬂ ﬂng fidves sutr theangh thé cholirgshole eperinigs andicinor dance

with this invention al so dif a ich.exis en_deposi are
Foroved wi VHHE BBt fertinis acelial ol B4 pbBketrof Sodlite AYELAT £ BERlngE,

nodi fy t hetheUgondsimentf bdiRg cbalee willh hes térhate neiidl tafien tmdodm@emam of
these surfaces also differ fromthat which exists if a deposit is renoved

with a watErmedt Ansshesitechnigugnis shigclosed dn Hhd ePatant Nej 6,084,880 4 Cagun.géner al | y
tend to Cul%vhﬁ:?dc/e%mg%aﬁn&l&%gwhfc% i Héletlﬁ?elﬁ&leﬂ @Waﬁ&?ré}é&(e&%@hﬁg
conponent surface. In view of the non- abr as used in the
process of thehingoated sutfacenofi the diolee Camlnemmea §be ossistengf cssmtml tolﬁladughd hoI e

wi t hout danmagi Qr renovi.ng an ficant .a nt. of nateri al m t he
surface of® cﬁ oﬁfa‘ﬁ?ryﬂig? B{?\ﬁ/ T'r‘g {: {% }5”2 tithe LppiingAULst gﬁ18¥ e walls
of the hol E@leacﬂxdth\éﬂ doRUtsusfabP N BSdandFed detduse e CEMPHAHL GRATF sBFes 4§ oundi ng
the exit of the hole. Surprisingly, when conpared to cooling holes forned

i n air-coomask toaprpoame tegetiyoreprmdingithe goatingrachi ni ng, cool i ng hol es
processed in accordance with this invention have been determ ned to exhibit
hi gher dis i v S
conpared © 9kt oGP EhD« ReotREIEFobin MRS RERLICE, RERRITT |

cool i ng hoha&pmmewﬂdldsnwahmha@amﬁemddd édges) iphagiot ilas shoennthatethe
efficient in termg of their cooli ng capahi | O her objects and
advant ages®@siopand abrasion:Gapsed/hy 2 rweo@arfl@lﬁs ‘&)W‘@E‘?ré?té’d PF“rSé‘ﬁﬁe% Agequatel owi ng

2 sect onal® VTR iy Soaie dgor o arirdy Y SO E b R e

deposi ti onsm‘foxmdmgactam;g)nem surface.f ém:adahtlon mé)raswnemawmdlsandmpajxamVG/\ﬂuidl n the
cooling hole as a result . of the co i

ti OS| tion Fi gure sents a
Cr 0ss- Sect IS AaRgs I brpaiflavisdt HPrhOre MO Aapos Eaher by HEERTES




t he deposit fromthe cooling hole in accordance with this invention. Figure
3 represents three cooling holes, two of which were fornmed by EDM and | aser
drilling and are depicted in the as-nachined condition, the third being
forned by laser 5 drilling and then treated with a water j et containing
a non--abrasive nedia in accordance with this invention. Figures 4, 5 6 and
7 are scanned i mages show ng, respectively, the appearance of laser-drilled
t hr ough- holeparate fromethasnaraddliraedvebbylitid on, Asfd sulnpbhaispemgibeasilegfluit

bl asting, after coatl ng and then processing with a jet containing only

wat er, andMaptherdignosed olg WA %dﬁeﬁn\‘.‘f?‘%‘i%%ﬁt th&iPE9Fess-j et cont ai ni ng a
non-abraS| ve nedia in accordance with this invention. Figure 8 shows two
scanned i g WM& gﬂlvaN:ﬁUN)ns of cross-sections through a

| aser-dril gétg oug ]ﬁ{) er processing with a jet containing a non
abrasive nedia in accor dance with this invention. DETAl LED DESCRI PTI ON OF
THE | I\I\/EI\FFA@d)rEingUDehe preserd i2ventipn,ebenatis prayﬁbdseepltobmadf remevimgtdeporiigh a
cool i ng ho e 12 tha tersects t opposi ng, surfaces 14 and 16 of,  an

T cool edaBb Lo G-hh gt & Fmppndtt BRI hEME rgs SacRPAlE 286 nay e
formed of @é}aﬂn[d)ébatlﬂg @HeReri A depOhRl tonbR S@ feRATAR diR¥oolbd @h9 RirBinB @ngitegh
tenperature materials could foreseeably be used. As known in the art, to
mnimze tP@nB@Wt ceThfemmeaﬁt iy pagfculaly pfiferdive 10, raveeiting ffﬁéfngnféﬂl}ﬁéd from

the liner | | 1
passage deal ne eé ir)lné gh E&ﬂe su?émég&%g aé? 9 F%ﬁtﬂ]%t Tﬁgu unt th heat
transferr edorhpoﬂehewaurtﬁatfechﬁaehalt, e whidhéhe aeposans BensweduEst thy cdddingl ng t he

cooling hole 12 to bhe disposed at an acute %Cgle 28 reI atlve to the surface
14 of the helgeyithpgt déraaslaaﬁheamohagéleka@rgtéaT #gdhe ggoling kolg pnf | ons
over the s u 0 t he
hol e 12 |nc %%?elc:lg\birﬁfze fog?eér bé}ﬁs?rfelﬁtngﬁ P {mug .aﬁl?gll g‘?‘iéﬂeee% ({lﬁ%rﬁ]&? t he
hol e 12 coincthdirgz fheremadndzytosthe tholmthﬁirthaﬂ%dmtaml casbumting theadnitsf the wat er
j et machi nj aresult of the formn eration, eholec I|ng 12 is
L hown as. oo frReveh et e e SRE it ot Yoo e Ren cqerpsied
crosssecti gfithe lQoRhOWBLE a@@ﬁﬁeﬁcfeé'b‘irfaﬁ{ intfeaB in@edifRBfivelflea bReheoRIingg hol e
12 is carefully configured to naximze its efficiency, quantified by its

di scharge bolefficient which is dependent on the geonetry of the hole 12 and
any surface irregularities within the hole 12.

According to a preferred aspect of the invention, the coating is deposited on the
component surface such that deposits do not fully close the through-holes, thereby
providing witness holes. The processing steps generally include directing a liquid-
containing jet at a through-hole from the surface of the component opposite the coated
surface. The jet contains non-abrasive particulate media, which as defined herein
distinguishes the media particles from abrasive media used in abrasive cutting
processes and whose particles have sharp corners and edges. The jet is preferably
emitted from a nozzle at a pressure generally insufficient to effectively remove
substantially all of the deposit from the hole if the particulate media were not present
in the jet. As a result, removal of the deposit is primarily by the particulate media
propelled by the jet and not the jet itself. A notable feature of the invention is the
ability to produce a component whose surfaces surrounding the hole and within the
hole are deburred and smoothed, such that the discharge coefficient of the hole is
increased. In particular, the surface conditions of these surfaces have the appearance

of being impacted, which visibly differs from surfaces produced by EDM and laser
4



6 The liner 10 is shown in Figure 1 as having a coating 20 deposited on
the surface 14 of the liner 10. The coating 20 nay be a netallic material,
a ceramic material, or both in the formof a TBC system conprising a
metallic bond coat and a ceramc TBC. Particularly suitable bond coat
materival s i nclude diffusion alum nide and/or MCrAl'Y overlay coatings, while
a suitable TBC material is zirconia partially stabilized with yttria

(yttri a- st mbéHiningd Thie sudadea of boleY8Eted ihacsghdante withitlis inMehiios tlabidiffred wit h
yttria couLd be used, as well as zirconia stapilized by .other axides, such
2" Tmgnest HOPNGE) Whiky Eis (UBs0)Sopguls e (BB Bithak SRR 4oy SETR KPR e

cool i ng holgted %eté 8o %BP%br@éaﬁlg\{h&ﬁf}ﬁthé%ﬂﬁﬁéé oheafNer eHe k@ fideSonBition24 as a
result of the process by which the coating 20 was deposited. Figure 1

r epr esent sandeppserance @f 2Aesasutfatesgalste di&irt feem Bhatpwhisheexsysy Hya dgposiuish as

air plasma_spraying (APS) .and | ow. pressure pl asma,sprayi,ng.(LPPS), .t hough
other dopolTva ‘Biue duttgRl Sen Gl S BaSyE oy The eBiircgesbtall ne
liner 10 ceidhe dueahl/iof B8Hgd hedsiiRit¥e BF N ablet adnihe dugrolindihg Jofdhentand a
sui tabl e spray apparatus | ocated adj acent the turntable to apply the
coating naswficel as the liner 10 is rotated. Figure 1 shows a nozzle 26 of
a spray head through which the coating material is applied. The spray
nozzl e 26 {.s.:5ho [ ' . . I i . axis 18
of “the hol M YU BoqtR, 9 8 RBRSRIE 8000 i B! Roctls LRARL inVEradel 1 el

conbi nat i oo wehbvd hdepsgtsayroangd eh@dghdhofer evidoiut t denapigt iongredibvinigorangnt i rel y
filling the hgle 12. A preferred_ spray angle 30 is greater than, ninety
degrees r eFigRifigant; ameynt of ipaterig framoth suripes H? HiSnPUBPQICET Spryounging: the

deposi t 22entane to (AE RO el wARSS BA HEA i hithARbidRtk Ambiligicv! | 24
of the hole 12 opposite the spray nozzle 26. In addition, the coating

mat eri al i serpmif evating\sugpnediag tion it tofi ¢he boleacBurpdsioflys mdieh icomparkd tat an
angl e of incidenc of , .at .l east, about forty-five .degrees .relative to the
SUrt ace. 1485ay0E s TamarR e Gaienend by IR g GehinGier ool
degrees t ensles procdsse ih hRcs@atdeN@itk Qhik Antihyien HAVE be@fl dekeRiined YO ledRibaNd

| oner tensile strength. In view of these considerations, when depositing a

coati ng 20higherdip¢harge cogifigiems.cyislenery biohiebenetastivp arcasiancompargdhén te2s of
about twen r ' ' I s, of t. Q. i.nch
(about 0. SHOEREEGEES-setbaitiich e USTBIeST ASh, ARk cofif Botef plodIAAT0 |
26 i s an aagbedante ivithithie ivenfian afe radre etfidiaittiy tdring f dreigroeekng capabiitgur f ace
14 of the liner 10, and an angle 28 relative the axes 18 of the holes 12 of
about 135 rees. 7 To ensure . that. a netal li oatin e. bond coat)
20 does ol a0t ais SveriaRes R6 IS averin ik s GEls Bkt Bafy s 50-1 &
pref erabl y faleHhg SetBd d3ei@font © about 0.010 inches (about 0.10 to about
0.25 mm, nore preferably about 0.004 inch to about 0.008 inch (about 0.10
to about 0. 20 . \When a ceranmic coating (e.g., TBC) 20 is deposited, the
t hi ckness BRIERPESRIPAONOF JHE BRAWBYYSabout 0. 003 i nches to about 0.020
i nches (about 0.075 to about 0.50 nm, nore preferably about 0.0l 0 inch
(about 0. 25 t . | e iFel hol e
151 cnch R | RpRAGHE S, {ePofif o InislgaSodil 1 E & donBRh RE 10,
hol e, as eshaleng tlie depokitignrof akoatifig dine shifaer oflthe linemmnd a/depanit wdthinthed and
the coati ng %O i,s.a netall ié bond. coat, .t.he deposit 22 can be renoved by
EDM or | asEROIHE ROl #ip repihel/ e copting 45posifiaRi ng' 20 is a TBC or the |iner 10
has been returned fromthe field, the coating 20 is renoved with a

non- abr asi ¥Ruk@d r3freb@ 8 EIREREctidAal Vg 6 e 3808 HOleBIIOWRG ref@MleoMozzl e
36 approxinmately coaxially aligned with the axis 18 of the cooling hole 12.
Accor di ng the deppsitfremrthelcedingdiols ini ascordorastwighthisinsentioabr asi ve jet 34 is
able to renove the deposit 22 fromthe cooling hole wall 24 w thout

damagi ng t [ t . I t] g tion has
t he capabi ??%u%/é g? épﬁ%%%ttﬁﬁeﬁ\@t%h%néﬁ?lfgit\évhrc&;} “%?&i h’glgcf%%ﬁ(ﬁ%ﬂﬁgsggﬁg!agéfhe ] et
34 enpl oyedrillingtdnd arddepidtedin the ab-@iachihed 0ondititg She/thirddehigsforméd bphkai ns a
non-abrasive nmedia in a carrier fluid. While various fluids could be used,
water is preferred as being environnentally safe and because it will not
chemcally affect the coating material or the liner 10. A suitable process
enpl oys water pressurized to as nuch as” about 16,000 psi (about 1100 bar),
preferably at |east 6000 psi (about 400 bar) up to about 15,000 psi (about
1000 bar). The jet 34 preferably contains about 10 to about 30 wei ght
percent of the non-abrasive nedia, with a nedia content of about 20 wei ght
percent providing excellent results. As a non-abrasive nedia, particles
entrained in the jet 34 lack the sharp corners and edges found on abrasive
materials, and instead preferably have a spherical shape, as in the case of



In the process of renoving either a netallic or ceram c coating 20, the

| iner 14 can be placed on a turntable (not shown) and the turntable rotated
as the nozzle 36, connected to a suitable water j et apparatus, delivers
the non-abrasive j et 34 through the witness hole renmaining after
deposition of the coating 20. As shown in Figure 2, the jet 34 is sprayed
at the entrance of the hole 12 | ocated at the surface 16 of the liner 10
opposi t e tdmdlingpand nheR Oreafeds withalal evatek ajetlabhtatlisg aneen{abhsivdi aiediacén bet ween
the nozzle 36 and the surface 16 of the liner 10) is about 0.8 to 2 inches
(about 20 aPGPré@Cﬁlﬂl,th‘thFﬁdﬁwt’é’Peat er and | esser distances are foreseeable.
At these distances, the jet 34 preferably has a dianeter of about 0.050 to
about 0.1 [ a 3 LRt ' , Whi ch
o br ef er AP Aol aaa A elutatlined Chilihe, [biqiRehn M aTRRtS B o 54
i s pref er dédey-deilled dhronglahdies éo tthe as-geachinet | opngitioal kfer machinmgaxid i of

each hole 12..in the liner 10.in order to.facilitate renmpval, of the deposit
22. It haﬁ%@% %1%6 §PHE00 e PIGEFIS WftfltaHEt o g 08 ‘civéﬁ‘int?é‘df"%ﬁe’f hgr

facilitat %‘éa@ﬁ/\,ﬁ]ﬁlﬂpﬂﬁﬁ btdegssiliewiR aljéttnanih® adhohibfdsPRSHedi M aRoRMNEES 2

w tness hol e whose dianeter 1s about 0.006 to about 0.010 inch (about O0.15
to about OvigsthigipverBwwause of the preference to limt the anount of coating
20 ](cjeposilt ed até}ani/_ gi veg ti mal'i_o Iensgre a witness hole regai ns Et thg t
surface . [ anil 4 e ; 0
build up ;F’g‘grgt [ (ra% ‘58%'8 sf(%avee t‘ﬁ%&?gsﬁ r eﬁajte#l g{%ﬁg@?ﬁ%ﬁaﬁf e%g%?%e%%g?t ion
step fol | aiweughya faeedriledothréuph-taste el pi@AssirgPodiht a Jet veithigingh® non-
nonabrasi ve jet 34. A non-abrasjve water jet 34 as descri bed above has been
found to rabrsive BYtininaccardapsrvil fifiveri®iosi ts 22 in a cooling hole 12
\é\not hout d%rEw_agl ntgmtgr]lj%gcooli)%-ngmygie wal | _241Tr_and \tM tBouL fgl {)pl ng the ;:_oat: ng
sur r oungEpant ERIPAT FHIPINVERTH o be he o any particul ar
theory, this aspect of the ?nventl on Is belc?lgved to be 9 attributable to
the deposit 22 being renoved primarily by fracturing caused by inpacts with
t he parti dligeres iIngndad reffressnbstass-sectioneld visywsathreughof eomlisg kale Vi@r thahi gh
pressures .or abrasion caused b ahrasive-cont ai ni ng. | et .As t he
Pt 34 ominsyairpiReRALE Silts 13 I USSP BT PR fhe i8S B 56 a;
pressure tdagtuing ehdite. i Mheflfneeil @nhayt be dbinael b &h YroheAlkel subsHatriasal |y all
of the deposit 22 fromthe cooling hole 12 if the particulate nedia were
not preserfup¢rallondhpugh other high; tempergtusey magasiads cauld Horspeeably, ksusede Dl i eved
to be up t 0 00 i opt 13 I i\l be
di scussed @r?%uﬁ ﬁ%e? g’e?%ﬁﬁing&elfl%w%ﬁ%operg? iq%%})?rﬁg?%%?-tégr%%qvgfj Pé@tak 24 at
pressur es tednsfelred tfrah {HOlinegp 40 tynidrafpbleed air thremgh thd codling holwd £ froabi e

renovabl e of material.fromthe | 24 of the hgle 12 and, that rtion of
e sur t adgs e el ineRobs e stihen fy Praditiine Besndnd PEpeptdianBBieey o g
the jet 34otRe RirfReUURT R 1ih&@SID dalase rdfudddByRSimink tRE 86 Ighol® 198D beSI
(about 1000 bar) or less, the jet 34 need not be interrupted as it travels
from one dbsmswg ahat ecute angleadfordiative ta thaistefbteel4 ol Hagr thitse that aithe j et
34 is about. t uf 480 .. e ] 50,1t t 00

cm m nut e)%lsc\?‘\ngfgﬁiaa&?%t @eo?oogbgﬁl{m‘gég fl(r)l‘g%e%s%gééea?n&!% ee?? aqgotg? Olg'%%zz'

cnl m nut e)Syitabucthndquey ¢& foaningtshdle 32 ifladORION sdsoranllingf tHongh jitds 34
relative to the liner 10 is preferably continuous, it is foreseeable that

the jet 34oresegableythahtheobely 2ocankdibe farmasd by isyete athgr mpethedsasceastipéigr hol e

12. In addjtd i.ng.:the j i i e 24 of
t he cooli g%tr%?g{%e%%f{ ge?%éa{%pg%%:gAg EEQ%%%?%SW%%P %ﬂgl?’ntggth hfeé cé)\éiﬁ%l of the
hol e 12, theis sfown acksdngh lideas akisvinanda dubstadterdly uniforpecitaddrycrbsund t o

i ncrease the, discharge cqefficient of the cooling hole 12, _as evi denced by
an i ner casEoan ¢ K8 PEREepkirafet fem tholingsolds e orovae 1t i St e
physi cal acro%ﬁgﬁlfedttg?rhalﬂ%ﬁe 18 effiedc§, g\?cfnti‘ﬁ\e& By diRhRgeRBticlent #Rich is

particul ar theory, this beneficial "effect appears to be attributable to the
nonabr asi wiepesdiing oddbaigeometrand tharbalt Hi2nand frgy swrfdcadoegdantiest wishini ther 10
innediategﬁﬁsgérounding the entrance to the hole 12, the wall 44 of the
hole 12, €efen the wall of the coating 20 defined by renoval of the
deposit 22. This debarring and snnothi%g action effects the surface
condition and appearance of these surfaces, which differ fromthat produced
when the hole 12 is first formed by EDM or | aser machining, and also differ
fromthat which is produced if the deposit 22 had been renoved with a 10
water jet alone or with the assistance of an abrasive. This difference is
represented in Figure 3. Figure 3 represents three cooling holes 44, 46, 48
drilled through the wall 42 of a conponent 40 having a ceram c TBC 50 on
its lower surface 52, and an upper surface 54 that is free of TBC and from

e



11 0.080 inch (about 2 mm, and coated with a 20 ml-thick (about 0.50
mm |ayer of yttria-stabilized zirconia (YSZ) deposited by APS. The YSZ
coatings were subjected to nultiple passes of one of four waterjet
treatments at a standoff distance of about 0.5 inch (about 13 mm). A first
of the jets contained water only, a second waterjet contained about 20.75
wei ght percent of plastic beads having dianeters of about 45 to about 90
i cr omet er $he Andrhiilrid shawe il Fegure dat Aavieg aabvating 20 dFsosited ghttheaurfaeati 4of
baki ng soda

ile a fou e cont Jned out 20.75 wei ght rcent
or a2 bt g honlng 5 e B Bresataatls < sesapis Balbriel g6boh
m cromet er &, thEa6Hm f at ’hBCV@Tsl%f‘d &Srﬁ%m RIREMNEE boall c‘%ahoéxﬁ§§ We@nfé T@euUt 5000

psi (about 345 bar) with a"nozzle having a dianmeter of about 0.050 i1nch
(about 1. 3Partipulardy seitabdabond ccmammmtals:ylcllldﬁ diftussansalimgnidé and/eeM@AlIY hr ee
passes W|th r at.e. of. about

(about 6asotimaaress SevBa SwibR RS e eCistrmgiamedieodilient Tty panel

surface Vﬁ?ttﬂ“@?ﬁﬂfaeﬁabﬂz"é’éﬂ Ardonfl BFHS73 eﬁmﬁ%‘?zﬁ'é’&ﬁ‘a fu1 t£$111§ed wﬁ%&&ﬁat i on.
TABLElI Cunul ati've Material Loss Measured Al Each e (mls~~m

Panel Medi a@ydd be udy ey weld @y zireongGyahibizeidy athen ceu@mn 415 (agoysia(NIg8Mm) 17
430) 21 (530).2 0 BPI Beads 0425 0)14 (350)16

E4oog CBa(ki f %i&%@i "’qugd’)r %ga‘t‘é%g%i@% 3'[%56 “é) % O?iy)lgslg (sgg\g{ésago

(510) 21 (5SBAiE2 a(&§6§1t222 (adB&:2 20 (11560&11 Theisabeedelt €shd bfoceHdby athixch theat , at

a relative | ow pressure (5000 psi), a waterjet containing glass, beads had
an i mredi ateatiag f28cvasdenositgshr E@urﬁbi senvewnts-the seating: &} ps being dapasited by et s

t
cont N n9gRlAF ey HEEn A0ck RSB0 0 Sy Ru? bRGL B FNEhE il
wat erj et t i APRH) thogglasﬂlebdaptmtlcmf precessds auldrbaiused. Weapplyf the eeatingl20, yi ng
substrate urr contrast, coatin h the other three
treat ment s%ﬁ i& cgn B?:Eﬁ?‘?%‘?fddi}’e? CoveE 8‘1@?"“‘3‘? f §°t(§ﬁ dndpdiable  Thi s
i nvesti gat knny shO9RES Reateld 8ljadert M tBF R SappR} BilcBhting material as the liner
10 is rotated.

Figure 1 shows a nozzle 26 of a spray head through which the coating material is
applied. The spray nozzle 26 is shown as being disposed at an angle 30 relative to the
axis 18 of the hole 12, and deposits the coating 20 to a thickness selected in
combination with the spray angle 30 to prevent the coating 20 from entirely filling the
hole 12. A preferred spray angle 30 is greater than ninety degrees relative to the axis
18 in order to minimize the size of the deposit 22, i.e., the amount of coating material
deposited on the wall 24 of the hole 12 opposite the spray nozzle 26. In addition, the
coating material is preferably sprayed onto the surface 14 of the liner 10 at an angle of
incidence 32 of at least about forty-five degrees relative to the surface 14, because
angles of incidence 32 less than about forty-five degrees tend to cause the coating 20
to have unmelted areas, voids and lower tensile strength. In view of these
considerations, when depositing a coating 20 on a liner 10 with cooling holes 20
disposed at an angle 28 of about twenty degrees and having diameters of about 0.020
to 0.030 inch (about 0.50 to about 0.75 mm), a suitable orientation for the spray
nozzle 26 is an angle of incidence 32 of about forty-five degrees to the surface 14 of

the liner 10, and an angle 28 relative the axes 18 of the holes 12 of about 135 degrees.
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treatment with gl ass beads is capable of quickly renoving a ceram c coating
W t hout erodi ng or otherw se damagi ng the underlying netal substrate.

Not ably, the investigation also indicated that a jet consisting essentially
of water (or another liquid) would be relatively ineffective in renoving
ceram c deposits within a cooling hole unless very high pressures are

enpl oyed, because ceramc within a cooling hole is anchored by conpressive
stresses {lhansoevbitepmetsllicheatoaied, banpandi0 deslnst émttraiytlﬂeclhihghlole
tenperatures required to deposit, ceram.c. .In ano@B&Lﬂl nvest i atlo

aggr essi véne¥ Bickyessof the shating df iypretatahly abyy Rehig 40 ARGYHE fo '
eval uat ed mdﬁ@ﬁ‘%b%u? '0”?0' & bt tomssemgf nidi€ p?éf%x‘ébB“ébd\R‘(ﬁ@M gRhiBMLe! ©

subj ected to multiple passes of ferjet treatnment performed usi ng the
sanme nozz |0é208sneln@bbﬁt @16 teaatpat aﬁﬁ mm}avwl@ala qestraic avatinge . 4. nTB6e2® iy st

i nvesti gat| on t he reV| vest i 0 on ai ned
wbout 20, pennethe btk oBuRSDe S e Ele Bt Do ¥ip el of

about 45 tOQ)Z@bfh'éhesg@bﬁhtCO@UEttSrﬁ)oui 0. 30N {rsn), mﬂ&étpre@}abq)ﬁ,absmfOewnﬁctpanel S
were sub] ected to water] ets produced at di ff erent pressures, from about

5000 psi ((@isoud-2348m b gnstirs tho eeating@00bEs psi emmﬁm@ﬂoﬁﬁbﬁh@&rlﬂ Infendr each
treatnent cycl o f _three Rasses | er

er oo1 on ol L Bhildd K8 S 18 OSSR REBRES ntf B i) Riet il
from thi s Figwestigation. 13 TABLE Il Pressure Cunul atl ve Coating Loss
Measured After Each Cycle (m'Is) Panel si bar Cycle 1 C ~~ cIe 2 Cycle 3
Cycle 4 Q{C|e 5 E_ 5000 (340) 000 0.0 Q F 10,000 (690) 0.0 0 G 12,000
(830) 0 0 Ibths limer;194s pely, @%ﬁa%wed@né the eoatigg@ois (ametebhccb@dcpoet tha 0.5 F
is. 000 (13800510t i Ayl By BB FRPANOEIIBudiet P13 Babr01h 0 H

40, 000 (2 7.4 1 From t hese resul s concl uded
t hat a watld( et tlmdmbalmhamgaeghaetambém ﬁmrﬁeﬂ‘.chu]mcc&tmgaﬁus einkoevetl ewithl a of

erosi on at ssures f about 1 abgut 1110 bar nd woul d |j kel

or o a moCReEEEL hrd EPRIREE RO eiog ot BIBBCATEb o0 13 GOBEE) e 1 he
water] et ab?mkﬁﬁa«evysaeex@m WeaRdeA ﬂh@ﬁxﬁ@SQﬁ‘thé:éHo‘hﬂglhﬁﬁr@: ARtokdiRk & Wat er ]
et treatments with'glass beads over the life of a conponent coul d possibly

erode an @nae@erpdatsp@t dm)uwnmn enagrabirasoya st éénmbﬂert@ rempYate d@eomeen

cool i ng hol g sure | e

(about 97?‘%@? g (g eve gzabveltﬁ%l%tt(%/a%@%é% th%'g n%fa@k%B%'Rv }IA%LP XI mum

pressure apm Qﬂ,gaﬂid) i addioibn Itiag e chmmltgz%mp&npﬂing(ﬁhboamc&ﬁ@oobahe such
as up to about 15,000 psi (about 1000 bar). |n a third investigation, the

aggr essi vEARKES dplea IfonThmiedsI4 empiaved ) bt thﬁoMﬁaﬁ% i termed B AhipsivVaras
agai n eva'bgéeh@gutb%h&%saa nogo%ggxweeme&hamh%tﬁnie RuitBtwhiiey d\ﬁ&seéo%hd y
(about 0. 25 fo

i ncr enment a di stance of about 0.010 1nc oW ng each

pass with hehusewamte} istprefémed as teingl envirohinkhiay sptes b becmest itt wal nbhe

water] et gr%l;ca 9 ?gctt Ele coa 1rf1ga (r:neaterlal or the liner 10. A suitable process employs
water pressurized to as much as about 16,000 psi (about 1100 bar), preferably at least
6000 psi (about 400 bar) up to about 15,000 psi (about 1000 bar). The jet 34
preferably contains about 10 to about 30 weight percent of the non-abrasive media,
with a media content of about 20 weight percent providing excellent results. As a
non-abrasive media, particles entrained in the jet 34 lack the sharp corners and edges
found on abrasive materials, and instead preferably have a spherical shape, as in the
case of spherical glass beads of the type used for peening. An example of a suitable
non-abrasive media is beads formed of soda-lime glass or metal oxides and having a
mesh (U.S. sieve) size of 325 to 170 (diameters of about 45 to about 90 micrometers)

per Military Specification G-9954A Mil 13. Another suitable non-abrasive media is
8



treated in the previous cycle. Panels simlar to those of the previous

I nvestigations were subjected to three sets (forty-five passes total) of
waterjet treatnments in the above manner. The water] et treatnments were
perfornmed .on the panels at different pressures, from about 10,000 psi
(about- 700 bar) to about 15,000 psi (about 1000 bar). The waterjet
treatnents of this investigation were perforned with the sane nozzle,

st andof f dbdicaedao Her stwiaicsalstechkotageneraly i ris isarae mengea ofi partivkd siaes.
concentratjon as used . in the previous investigations. At the ¢conpletion of
the treat MeMESt PEHGY Yresosenerllypagsassiai 4 AQWY Madianeniant dy theragh avhyle

sunmari zes ﬂ&m r t Al Seal ki i I r | ative
Coat i ng Losélémg:é e sl% SE%}F g?{ﬁ&ﬁlsl‘g%?ﬁéﬁ%l%& 1aO, 816%- l%gl(%)éo(ll)lté\?ﬁ’ﬁﬁqﬁl,{o%o 760) 0.0s
(1) K 12, OftfpetBdimibd thk effertitentss @be {04} ldastldboid)j0 pdréeht 00the(Bay, add2 (5) N
15, 000 (1000) O. These results re seen as .evidencing that, when
{reated wi PRIGPEEY oL Eog rmoih gt e iBrba B et aniee & kgt oy
combust or hélﬂg%e&qgfaggﬁq)f%ggboggghblggﬁol es spaced about 0.010 inch (250
Vim apart would sustain an acceptabl e anmbunt of netal erosion when treated

at pressures of about 11,000 psi (about 760 bar) up to about 15,000 psi
(about 100 thampyocesmef remoyingreithorad metadliceersesramigicpgting ), deglingr 1grcasdar es of

chout 10; 8RB bn R A0 B . bSO RTE o8, BT BB 1,

was requir eshnkéred %o a suitable water jet apparatus, delivers the non-abrasive jet 34 through
the witness hole remaining after deposition of the coating 20. As shown in Figure 2,
the jet 34 is sprayed at the entrance of the hole 12 located at the surface 16 of the liner
10 opposite the coating 20. A suitable standoff distance (the distance between the
nozzle 36 and the surface 16 of the liner 10) is about 0.8 to 2 inches (about 20 to 50
mm), though greater and lesser distances are foreseeable. At these distances, the jet
34 preferably has a diameter of about 0.050 to about 0.150 inch (about 1.3 to about
3.8 mm). Unlike the coatings 20, which is preferably applied at an angle 32 relative
to the surface 14, the jet 34 is preferably aimed in a direction generally parallel to the
axis 18 of each hole 12 in the liner 10 in order to facilitate removal of the deposit 22.
It has been found that the removal of the deposit 22 can be further facilitated by
depositing the coating 20 to a thickness that provides a witness hole whose diameter
is about 0.006 to about 0.010 inch (about 0.15 to about 0.25 mm). Because of the
preference to limit the amount of coating 20 deposited at any given time to ensure a
witness hole remains at the surface 14 of the liner 10, multiple deposition steps may
be performed to build up a coating 20 to have the desired thickness, with each
deposition step followed by removal of the accumulated deposit 22 using the non-

abrasive jet 34.

A non-abrasive water jet 34 as described above has been found to remove both metal
and ceramic deposits 22 in a cooling hole 12 without damaging the cooling hole wall
24 and without chipping the coating 20 surrounding the hole 12. While not wishing

to be held to any particular theory, this aspect of the invention is believed to be
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survive nunmerous treatnents. O herw se, a maxi num acceptabl e pressure |evel
was concluded to be about 15,000 psi (about 1000 bar) for conponents
desired to survive a limted nunber of treatnments, as is typically the case
wi th conbustor liners. However, it is believed that netal erosion can be
reduced by enpl oyi ng higher traversal rates, i.e., higher than the 250

i nches/ m nute (about 635 nm m nute) enployed in this investigation. In a
fourth i nvasitugié ad,thei depbyit 0V Beihfren@ked Privsaritprsy li@sekingr ¢duk& byn each
of eight panels simlar to those of the previous iInvestigations. The hol es
had di anet Erpacist with g potioles, ingfeath efieragionoanupert hy @alsbof wotesagit tversabight 0. 58
mm), and [ . n 0 | . degr ees e sur e of

t he panel s’ e%?ggsd?g%r@tqgr%t%r %ugﬁil %gcélbrﬁg(;%%%ft%n%?gkgr eég \?is’nut&llgi glgtﬁgete%gi ns,
and then t&aplogédwithf théscinvesticar &m 8 sprigedhfibrRisthemozalelB Gane presage drdter m ned
using water at a pressure drop. of about 20 inches of water (about 50 nbar).
The panel sVgBlddering! lelsattt@&ffggﬂ\ﬁﬂbéwvaawrﬁgﬂmaﬂlrpfélwﬂ vim%ug 32 %@Hut oat
havi ng a t Qi g : j cORaa 8 inch
(about 0. 28 R B R P R b B RandRal®, L0
deposi t ed ambhdvkj suchapressuodsegre theliengid @ bé¢ upde sabhat £6,0@0mpsin@doutThE)Onkdral | i c

deposits wthip these hgles. . were then renpve ith a wate et containing
the sane %HE%B'PQE 1) dedliscieeAdni %%M%%Woﬂ’e_‘%n ti}% “PH'ag’ﬁ’é‘Vﬁr evi ous
I nvesti gat |opng, ataﬁfésyﬂrésh of hBoSANE,00073%! @nd SHB0AGL Al ADGRe RNGedihpiker sal

rate. The water] et was produced at a pressure of about 10,000 psi (about
700 bar). feordvablered materialdtom jthet walhg4 of theadlon? and dlaat poitoncefahe nyrfase YSZ

was deposited to t.hi ckness. of .abput 0 i nch (about.. .0, N _two
separ ate. dbpamieditl, SBtRGod R B  F21g *Pherdfu B0 Wi 1B TPha4le o s
nm) cer ani greb&irdigofdesomhi 86,000 §silIpkéfB@abiyn1 3,060 P4l (85ou€i00g bR rdrilads| shebl ocked
but with wtness holes still present. After each deposition stegﬁ,t t he

di anet ers Bt 3¢t eed gpkbe jersupted pe ddeavels framgenegeooingdiole ke te anethete feposits
were renov i j : bk . ve the
bond coat %g%agirsei tggg' e?sra g%ttfﬁdé?%ec# g§§ﬁsa£r] %zg?ﬁﬁg&rﬁgg g? é&?)lg S Pﬁégwg%e@ggigai n

re- gauged. 5A\td abvoual1R06 capiainugy)ewith mpdatt @hbouh 25(p arkéspavanmutg@boutté@st ed
with a pressure drop of, about, 20 ingche f water (abouyt 50 ar) .to
det er i ne f %Eeémr%iﬁlf@@theélegf éeéufs%-_ 3#3?%%%@@61&@? thelﬁbggr?l%“%‘i‘hmri zes
the data cglliget ¢d isd#’éfe'?;ﬂo& RS BUE I isFBhesQAble hE: t‘ﬁ@ﬁé_{'m d80EEe glld¥ddi &

Fl owcheck” 1s the effective area neasured for the entire panel (all hol es)
i mmedi at el o dw¢elbwhemaligned vgtht daeh lhodlewg holté2.f i rst col unmm with t he headi ng
"Hol e Gauge Di aneters” tabulates the dianmeters of two hol es on each panel
measured w I NS : r " B LA ' ing

oper at i onm#%lf;q%@m&?]go geﬁ)%%lng{h?o(%pé?lp% %ﬁ@gﬁg&%géﬁl{s‘g &li%]‘ga@ 23‘(’)82‘3&%%8 ltnﬁi rd

ﬁo: um"l\?vh untele 1'2Hﬁlcgi;ﬁ6mgﬁme Coairgt X @%fjm?bmgat(xeeii;‘]ef thgam];laet E‘Z,Eﬂ(l@jet ;ohﬁ;ﬁgsane

ol es en asured, wi th _gauge pins before ("B") and after ("A.). the
wat erjetti ﬁgﬁw@wamm%awbsw Bogxpgctady fouagd todncrspse the discharge sorfficispify

| ayers of r amy: S i 1 - Binal

Fl owcheck™ aﬁs t lgg g? %e%i%%eevgire é%edl:ﬂ) agl{ljﬁﬁe/caea%g?n 'ltﬂﬂezéfgér?? :VérjlgIE Salﬂgce{ﬁé f %Alrﬂlr@ﬁol es)
fol | ow ng hole 12i rektivevdd ére mhysicalgarepef die lwle p2r fWhiledotavisbimgtth de helrbted

ceram c | ayer was deppsited. 17 TABLE |V Initial Bond. Coat Hol e Gauge

i nirot or S FHRGPHGHRR dRRorky (it beasicral aieet ApPrntd CecBIERRIfer RSP | sni |
o | s 1200g04G04 ke f AdtubBhel £ AnOIBALIME Abhdd 1d o7 UROUAMAVAANARBI 191 2/ 13
0. 051424/ 2418/ 241 6/ 21Q0. 0437422/ 2417/ 2416/ 210. 047222/ 2215/ 2214/ 19R0."041 0417
/1 711/ 1812purseundinzathe eptrarge 2a tey hdst2.0b7 yedla4 sfithe hale1V21 2od evgstha medl1 1/ 151 1
/11T0. 0311813/ 1411/ [110.0334] 3/,151.1/ 1511/ 0323818/ 1912/ 1911/ 150. 035
512/ 1311/ 1901 EROUINTRTSR Pa T DA BSY 15 T APt had SmoohHe T
1V, it canabionseffdrtd IRt surfee Toaditibe radd GippediBndRObe thedd saigices,t which differt he
gauge pins generally decreased with each process step. This trend was the

result of forniayprioguced; wien the bplecie isHisstdogned by EDMM of faseh@pehiningnandh wer e
no | onger i: r e f j . t, of
Coat i ng. bufFaaH\EhE P ULy pibdyoll # 13 Rpplif a0 el HomBvidLiith'a, 0
actually increased by an average of about 9.3 percent at the conpletion of
the deposition and waterjetting processes, evi denci ng that their discharge
coefficients had al so increased significantly (based on the discharge
coefficient being defined as the ratio of the effective area to the

physi cal area of the hole). These results indicated that, in addition to
elimnating deposits, the nonabrasive waterjet had significantly inproved
the surface conditions at the entrances to the holes and within the holes,
even though the holes thensel ves were no |onger uniformy straight

t hr oughout their | engths.




To eval uate whether an increase in discharge coefficient could be achieved
with the use of a nedia-free waterjet, a fifth investigation was undertaken
with el even panels essentially identical to those of the fourth
investigation. After laser drilling the through-holes, the total effective
area of the holes on each panel was determ ned using water at a pressure
drop of about 20 inches of water (about 50 nbar). The panels were then

cl eaned bwaairjetaitchevatveith the Siksistantegifian dbrablel Mthis diéfetende isofeptesé¢rmed & f ecti ve
area of the holes, and coated with an MCrAl'Y bond coat and a YSZ TBC in the
sane nannéiWedcribed for the fourth investi gation, except that all of the
bond coats were deposited to thicknesses of about 0.006 inch (about 0.15
nm . Aft ek L : h ngl: S ) re
rbat od v BB L B 4 e e e B 51 000

t o about 4GnPGEEnt 46 having 6@etamia B SRF6 Qs bewer sirfacrb2atné apupper suefamy e

deposits fromtheir . ile the el eventh panel, (Panel 316 s treated
W on e watdipatds Tt ob T B cind irem Sytigh g S0 iog CRERIpABaR PO bar | Rand
cont ai ni NGofechg4 Si3MRpROMMAD 3 HaVehgdTBELA dANed B3AIEDHNORAE Ms! AtieQilt das Used in

the previous investigations. The sanme nozzle and traversal rate as used in
t he previ SekstantiaBy toghnuays scigabar shape Hupeghowhiits cexteng thraughiah¢ wilk#dnce was

about 2.0.jnches . .(about 5 After .all three de i.tio nd terjetting
cyol es woHe NN sttt thec o T hote L R bt RS ool kel 1 L ot
ef f ecti ver@uRafahe pheérce tAIbRss, eld® Thelhéle48Siv lrésretntddndsshavineeidendadek-on ar e
summari zed in _Table V below. The colum under "Initial Flowheck"” is the

total ef f d6llpdiecharasteriged by tqidiametadiofitas holgr46eincreaging thrppgh thegwalhé2hol es,
dth i t oS t fect
and L CSHIR UM pERESHRAI] QUCTRE uck Bull phR 30 L RS B2 .

i s the tolmtguidrfeattmocent aiccuncoried sudacef Bl dsavdemglt dhthe flaseadrillhigarpesitionng

operation_, The "Change” .colum indicates the change in total effective flow
area_bet mémﬂyh@g}% a Eepiniefias poing | B B B sl thepgpasd Wit o _
I'nitialPr %v‘a@g% ggﬁstgigir%géhﬁaﬂe’ihé’Mﬁ&%ﬁﬁh@é"’@zﬂﬁ%@ﬂ%‘ﬁbﬁ.’z'A&V‘ﬁf&ﬁCtlﬁ%&gePa”e| :

n2i n2si i n230 /711, 0000. 024- 3430|0.03490.033812,00@0.0224-
373020. 0328(has 3B7 33n0®00icaL Swpe 283H8 Ja@8-Apilcd 38x140,000Gis0@grhnce at the

233040. 03750. 040415, 0000. 0310- 233050.,03320. 034020, 0000. 0269-

213060, 030303 59TBG o 10378, r<ERR A BT 43 PBGURIG BRIt of the

183080. 03 3brfet: P HAREhb-reth 636D Burd 32§ BtHeB bt e e TGk PRAruding into

13316N A0. 030110, 0000. 032S+ 8The above data show that the effective flow
areas of theehpls| ¢k iEDMhangdeser-dslied ceeking dolehdndthe aasrmaghinadasenditian of t hi s
i nventi oniypcr . v r s only
10, 000 porCaBanTr FgRHE oy e dyBEMCAar S BRAALER of dPo B EPE N EHAE0 0

wasi n agr eadrebdut\ii §7htotabeuted: 89, traspettitehe Tnauontrhd liaseridrilled thobatticated with

contrast, the dig-free waterjet id not_jnprove the effective, area, and
Cher ef or & (ERIERTEHF Gt PRCERAAE SOM ThEIEHH 9) Aot seaiticardy Fidenol eo at
pressur es gabhiBe (QeARIGHRO @S thel BRRYor 28t B to ABGRT610094NG pblenhBSy

concl uded that a nedia-free jet does not appreciably modify Phe surface at

t he entrahigheand within a cooling hole, with the result that cooling hol es
processed with a jet consisting essentially of liquid are believed to have

essenti al | o] . discharge,coefficients as that of an nd .

acer - ari 1 b sP QR EIGY RARIlih Mo BteRiveRs meeldghe m

t he concl ¢emosifibymwabesvhluatdd vithes tiugitet @ panals forined ofomsi sitkeélbase
essentially of water (or another ljiquid) would be relatively ineffective in
renovi ng SEpERHQY knoyasas GTH-233, aking songmigahenrapasifions & yieight pergentppessur es
are enpl o . e e [ o 1 ag: hol es
fended t o gn RS Rmidl, UE"IDOPR o F IRYAR, SHOCLD il 0 S
4, 5, 6 arffsboat aretitasanmatimimagdsabolit £ Outungstere laboutrd. vbolambivin carghatibat es wer e

| aser drilled at an angl e of abqut twent grees.to e surfaces of the
panel s. Filduf@taugnhg t%f)&gﬁ@ap% et 00T R oot Lo nyida dhe

condi ti on, j E r I ~Bliappat er
assi sted (}])I? Ilé@bébﬁgals% %ng%l iéz‘?‘g@?ié&‘é{ag Erg%ga %ghzmgbagg%sﬁlg%%ﬁg%ﬁ?ﬁ%ﬁ%uw

i nvestigation above, which was processed with a nedia-free waterjet at a
pressure of 40,000 psi (about 2760 barSI;al after each bond coat and TBC
deposition cycle. Finally, Figure 7 shows Panel 316 of the fifth

i nvestigation, which had undergone processing with the non-abrasive water]
et of this invention after each bond coat and TBC deposition cycle. Each of
Figures 4 through 7 show three sets of two inages, with each set being at a
magni fi cati on of 50x, 100x or 200x, as indicated. The two i mages of each
set are designated as either "top" and "bottom " meaning that the
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In Figure 4, recast and other debris fromthe laser drilling operation are
vi si bl e along the edge defined by the entrance of the hole in the

as-machi ned condition. All of the specinmens exhibited simlar recast and
debris imrediately after laser drilling. Figure 5 shows that air and

wat er-assisted grit blasting at pressures of about 60 to 80 psi (about 4 to
about 5.5 bar) was able to renove sone of the recast and debris, but the 22
i rregul ar 0080fiacke (about Denhplaadi ®agedi with @\A0dsiitthicRYab@er0. 50 amm)Hagerr f 6, t he
medi a-free wat erj et t_reat,msnt%)gerfo_r nmed on _Panel. 309 3&]\3&; er pressure of

about 40, OBtapstadilizsd seony 6HSBhdeppsiipsbis AES e ddie Y S4 poatingp st gbisstedhol e

ft b : et : T | i th
axi b of t i filinie Besttier SAPSE Fhr Wt AHARMANE oo Pl OBl Afumh draien 10 | 0
clearly s@&eninoh (absomt Walrhis).0fA fitse ofi oheejetsesirdingd wgtet loaty, talsecomat waterjet

treatment was. ineffecgtive i.n reestablishij e original si of the hole.
Fur t her noPUREIRG B oD T LBt SpIPaid el RGO 4 Bhe hol &
has not changedy hitfinfadbng hiatwhiBBeMesiiiihe®tabgiid20195 RLLRY pbidént of

as- machi ned surfacle fni%%l; sh o?l th‘g hlgclae.. Tﬁeese observati onlg alg)]ree w?th t he
dat a i n Thbkieg Yodhavhikhoieutth watemet centbined abentcl(. &t weighttpersant off glassot
increase the effective ar nd, .t here e,, the discharge effi.ci ents) of
Lhe. hot as SPRFTRANGIAA 98ving GPriHED oL abPvie S bt 90 PRI TBaheba r om
that of t Ret@fetOWwRaprolaSRI at @AprbdsBrt ULBUASOND pst Pabolit 945 bAS wathesRNLR of the
bond coat debris. Finally, Figure 7 evidences the drastic effect that the
non- abr asiheeinggt dpneter of abeutdhdSloinch Kakout Avdern)onAferseash trepnens szeleance and
surface tex ofr 0 f.1he =ho g.n P t I idthe
non- abr asi%\(}}ééilé\tb eéfj ae%]&sogglélteegsqa %4%%3% rggtr}r%v‘gﬁgqé’lt %ea{r}f%ser?a?r g%elggeab {(;')tn%ll5 Ogoat and
TBC deposiifighesnimgt e@boith@3 & ninhemieute) derbsiber O 1the UY SAcestipgs tdid g e have
a shiny appearance, evidencing that the surface finjsh of the_ hole, and hol e
entrance PRaderbarg rapglr swkge rvasmeparedr akle | summagizes [ty dptg) from
appearancqm%fsﬁégg néntrance and interior surfaces of the hole is
characteristic of surface mcrofeatures having been renoved by i npact
fracturing or otherw se flattened by inpacts with the non-abrasive nedi a.
Ther ef ore,TABLR#idi ti on to inproving the effective area (increasing the

di scharge coefficient) of a cooling hole, the nonabrasive waterj et

treatnment of this i ention Wi S uay alters .the gﬁgrcingeﬁpg Ehysi cally
alters the surface ot LS AGIAGHES AeCaSHeR 4Pt 2 e cool i ng

hole treated with a nedia-free waterjet. This beneficial effect is further
evi dent i rpahélgurgedia Whi ch syl 12 | Opdé budigigle Becti€ld 40f @& cldy ough- hol e
processed Iin the 1dentical manner as the hole shown 1 n Figure 7. Rounding
of the hole entrance, which has the effect of ingcreasi ng@the di schar ge

coefficientPof tNeole, is AkiOnt 1hGCeA: 23443Rgni4liCadk o3 {38%e. 23  An

observation nade throughout the above investigations was that the spherical
parti cul at epredimadichdiat fragione tR) @By) siigrbigcant dsey e ihng ¢ he
wat erjetting operations, evidenci'ng that the treated hol €s were not

subj ected to abrasive particles to any significant degree. An inportant

. y g
benefit of €his BakiegSeda on BL10Mat , 7i(h8DontlP4230) o BB vé6 (Ml a, the
particul ate media of this invention can be reused by recovering the liquid

(wat er), separatj parti e i@ F I e 14504} en drying
the particulate dr}ri\el |%&§8 tha?ﬁild%ﬂ%aniﬁél?’m\t ezraq?ge(é}se(?zf({ébgyno?%gsréd?
waterjetting operation. It is believed the non-abrasive waterjetting
process wdlhedatnot rbmilts dnicated gkat, by at delative dsw messubxe (§000t psi)) | aatvatenieti a
since the used.nedia jis sub tantiaIJY ftree of fracéured argicles,. and
Cher of or o PBIHIRE eE5HRGIR AR, ph JmRediatcoFtiagh ae ComRRFS U meddii-tree el ha p

corners a ; i b ragrelie R0 i ng hole
wal | s. Fopﬁg\;ﬁgﬁtigﬁa{%ﬁcﬁ@% @%%%%ﬁfug? blg%i\rllgshs{El idgati on;él , Sl?%lgtcgglfe ce\(g?%:éveness
of a non- glassas), eesentidleyr jhet entire 26vmil thick dT BE twasareomvbd dyowateijetting heith ng

| aser-drilled .coqli hol.es with dianeters of .about 0.015 to abqut.0.023

| hoh ( abods. 5o, s BRER atimal P obeia PR sBhdeks o8B aBbos: 11 ng
an MCr AlY BaRskt CatinRa¥isndith thdiohed afifeeOkeataonts adtdfly | dtethré@ Bt fife 2 MM ,
fol lowed by a YSZ TBC deposited in tvxgwgt eps by APS to have a final

t hi ckness of about 0.020 inch (about 0.50 mr). Deposits from each coating
operation were renoved fromthe cooling holes with a water] et containing
about 20.8 wei ght percent of glass spherical beads having dianeters of
about 45 to about 90 mcroneters. The waterjet was produced at a pressure
of about 10,000 psi (about 700 bar) with a nozzle having a dianeter of
about 0.050 inch (about 1.3 mrm). Before depositing the TBC ("Pre-TBC') and
after renoval of the TBC deposits with the final water] etting step
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TABLE VI Cool i ngPre- TBCPost - WChangeCi rcui tin2i n211. 96531. 9917+

| . 3422.02272. 0921+ 3.4331.74371. 7771 + 1.9241. 31201 . 3964+ 6.4351. 4694] . 5711+
6. 92SunB. 51318. 8280+ 3. 70 The above results clearly evidenced that a
significant increase in the effective area, and therefore the discharge
coefficient, occurred as a result of waterjetting the |iner cooling holes
with the non-abrasive particulate nedia of this invention. It is estinmated
t hat the dydehéfifyencpatds)ci Bint invstigaiiadsigpestedinha ve l@agraburebwaterjet 88
(PreTBC) to an average of about (ﬁ 91 %F?ost-WJ),, corresponding to the 3. 7%

i ncrease PRAETNEM\EAs] Deads If gangblibiuiely remavige acesrmis reaung githavk

i ncreases t - ] on- abrasive waterjets in
previ ous ienvgrg?{gglﬁrg]ﬁlsse,dalhgg?‘? tﬁgklﬁ%slgg%?hggl %%bgtlgﬁéalrge coefficients in
excess of 0.91 are possible with this invention. Wile the invention has
been descNoltabdy,ithe irestigatibn alsorieflieated that migetconsisting iessentalgpptiwerer (othat

ther f Ld. ted kil led in th t. . le, th
b ocess. oy RraTHOCHEYE e altels ksEiliss Rty riseebintic AoPPURatT s 1 han
the combugbélary hbl@%nléﬂs%?%ﬁ%hh pRaiGuePakd BEpIBEE bedatisOtl@mié Rathid hose

descri bed coul'd be renoved w the non-abrasive | et of this invention.
Ther ef or ecoeling delspés @inchered | by eemipoessive steesprs [hati devglopniy thy edaged

fol |l ow ng i NS .1 roce for i ng.a deposit (22) from
athr ough-cﬁ%lsée’&%‘t i%is gpgétﬁecg(r%%ﬁxgﬁéaﬁlr%or)ea 156\%'[?161%@@5&0% | nlﬁ‘ (20) on a first
surface ( 14) thereof, the deposit (22) being contiguous wth the coating
(20) and Doandthbd nvedtipating thd agglessdvipbsshef glagslbbads tdvearfraotesd seestfatd Si ng
the step of di recti‘g}guaclli uid-containing jet (34) at the throughhole ( 12)
froma sed@adugher eyadiate 6%36@!15 sHalardepBagn ot they Dievigys JayesHeaa Perest
surface (1) et Wl - ahrasi <t 4 gul La and
bei ng em '% l’?B gCt%(?goming&l g%é%sg&?d??ﬁ %%8% %Bragxsl%ﬁ |P gﬁﬂl)ﬁlg%f |n§:% gllr%tsg{ng ngg%’ve

subst ant i atahgoffi ilistmfcetdnd tdmposl rat¢ 28 )uséd amthehfirst inmstigationl e Aé d2ith itHe t he

articulate media were.not. present in the jet , _Whereby renmoval of the
oposi ¢ (PSS By iiiaricty b D sofiet ABur gt s WHERLPRELET Vaes et
(34) and gpherichE bbdddUhsing? diatheér® (FTSsHoRE AST @i Abuk DOC hdérGinbterivheheihis t he
coating (20) is a ceramc layer on the first surface (14) of the conponent

(10) and dmestigabien; diffezont panels pesre isuhiceted t the Weterighsi produgest at Hhfferert ends
into the - fro i L St Sur ), .10f onent (
10). 3. AEJBeﬁS%‘?g%ﬁBE%?%‘ﬁ“&?SﬁQO £ @Fé‘pﬁ%“f ta) t?,a%\%{‘grﬁg?é]o %ﬁﬁ%&%@ﬁ%ﬁ%ﬁ? 10) is
an air-coqlfet cachmaaemnt (cytRR) condistidghef &heowdthivel gasfes1wjthithe avat@§dt)] ng hol e
( 12) that intersects the first and second surfaces ( 14,16) of the
conponent efosiam of the panel sysface wae ssasirad tlgbled) summagizes the defabremy s ¢l ai s,
wher ei n t%egﬁgﬁ§ﬂye of the jet (34) is not higher than 1000 bar.
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5. A process according to claim4, wherein the pressure of the jet (34) is
not hi gher than 970 bar. 6. A process according to claim5, wherein the
pressure of the jet (34) is about 400 to about 970 bar. 7. A process
according .to claimany one of the preceding clains, wherein at |east 70
percent of the particles of the particulate nmedi a have a spherical shape.
8. A process according to any one of the preceding clains, wherein the
particul atgaABi El1Imedia is substantially free of particles that have
fractured. 9. A process according to any one of the preceding clains,
wherein the particulate nedia is glass beads. 10. A process according to
any one of the préesHieng &ugiyadive ing hopaMerprekAfer Ead Grgle (il at e nedi a
have dianmeters in a range of about 45 to about 90 microneters. 11. A

process acegrdi ngaks @AY One plcikhe REREEST NgyEla Meylbgr eiciefhe

particul ate

E 5000 (340) 0 0 0 0 0

F 10,000 (690) 0 0 0 0 0

G 12,000 (830) 0 0 0 0 0

H 14,000 (970) 0 0 0 0 0

E 16,000 (1100) 0 0 0.1 0.4 0.5
F 18,000 (1240) 0.1 0.3 0.6 0.9 0.9
G 20,000 (1380) 0.1 0.3 0.6 0.9 0.9
H 40,000 (2760) 3.2 7.4 10.9 13.5 15.1

From these results, it was concluded that a waterjet containing glass beads can cause a
measurable level of erosion at pressures of about 16,000 (about 1110 bar), and would
likely erode a metal substrate at pressures above 16,000 (about 1110 bar) as the
waterjet is traversed between cooling holes. Furthermore, multiple waterjet
treatments with glass beads over the life of a component could possibly erode an
unacceptable amount of metal from a component surface between cooling holes.
Accordingly, pressure levels of up to about 14,000 psi (about 970 bar) are believed to
be particularly suitable, with a maximum pressure appearing to be not higher than

16,000 psi (about 1100 bar), such as up to about 15,000 psi (about 1000 bar).

In a third investigation, the aggressiveness of a non-abrasive waterjet toward a metal
substrate was again evaluated using a procedure in which the waterjet was laterally
incremented a distance of about 0.010 inch (about 0.25 mm) following each pass with

the waterjet, for a total of fifteen passes, such that the waterjet overlapped the surface
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medi a constitutes about 10 to about 30 weight percent of the jet (34). 12.
A process according to claim1ll, wherein the particulate nedia constitutes
about 20 wei ght percent of the jet (34). 13. A process according to any one
of the preceding clainms, wherein the particul ate nmedia renoves the deposit
(22) fromthe through-hole (12) primarily by inpact fracturing the deposit
(22) and not by erosion or abrasion of the deposit (22). 14. A process
accordi ng treat@nih fikeproviotiheydls.ePankln gingilai toRhodeUstt the Hreder insédigatidies St ep
of depositing the coating (20) on the first surface (14) and the deposit

(22) in theerensuhiggiedhtn diree sety (Byrtypiive passsprieiphnef wateseireatstentsnint igar d t he

first surf ( t i t i

t hr ough- ho?‘g&f" ﬁ%’@ei’;ﬁ% %Fﬁtgfc]gtstsrgag@%ﬂrs ﬁibenrg%teyangﬁi( ﬁ]ﬁf&é%\)ﬂﬁ@% ea? rblﬁjftf ehreentpl asma
sprayi ng spepsupsofiofresboat 19,00®ps (dtwlue70Gbarh g sbotit AFOO0E@ psiqhbaind000 Barl5 t o
about 0. 2S g1 I1imeter within the through-hole (1;1{2)' 16, A process a}ccor di ng
to any onelB¢ Watesletnireatments) af thig, iyvestigaline wese prrigmuesoyith dhe sprae $0zzlget al | i ¢
bond coat i i i ; : (10)
and o cor afyiqrEERARLE AeRal B W SboAHELRE Imbaid dha ekl Gk ORARERLS
deposit (2@3eddarthe psosousehedstipationnd Atetharompibtiposifitbe (iB@&ments7 erodiopr efcess
according to any one_of the preceding i g8, wherein the jet (34) rounds
edges of th’@ Pﬁ‘i/eéui}ﬁfal‘iﬁq ewztslf)ea%lfre‘lil'he @g@oﬂﬁ SHrmatees ihy dléﬁ‘d fl(qrt‘br%iﬁes t he
surface fipiehigaibhi n the through-hole (12).

TABLE III
Pressure Cumulative Coating Loss
Panel (psi) (bar) (mils) (um)

I 10,000 (700) 0

J 11,000 (760) 0.05 (1)

K 12,000 (830) 0.1(2)

L 13,000 (900) 0.15 (4)

M 14,000 (970) 0.2 (5)

N 15,000 (1000) 0.3(7)

These results were seen as evidencing that, when treated with a waterjet containing a
non-abrasive media, a superalloy combustor liner equipped with cooling holes spaced
about 0.010 inch (250 um) apart would sustain an acceptable amount of metal erosion
when treated at pressures of about 11,000 psi (about 760 bar) up to about 15,000 psi
(about 1000 bar), and erosion could be essentially avoided if pressures of about
10,000 psi (about 700 bar) or less were used. As such, pressures of up to about

10,000 psi (about 700 bar) might be preferred if the component was required to
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27 18. A process according to any one of the preceding clains, further
conprising the step recovering the liquid of the jet (34) after renoving

t he deposits (22), separating the particulate nmedia fromthe |liquid, drying
the particulate media, and then reusing the particulate nedia in the
process. 19. A process according to any one of the preceding clains,
wherein the conponent (10) is a conbustor liner. 20. A conponent ( 10)

having a caavivegunétiusareatndrts. SOtl‘idﬁvfs%C@ n{axixﬂu)lmtd@eélﬁﬁﬁle phdswre 1D ugh- hol e
(12) from which has been renpved a_ deposit t hat was _ contiguous wth

t he coat i ngpnchdyd tq heabuysdsio0o (pzxztjab@@ﬁ WOr@raoﬂwéaompo@nme@qSﬂ% tsurvive
| d- f
(' 16) o CThARRO e B lnorE AT ACHHICAR, Shel ekl OBy e 527

cont ai ni ngHawevea:Jolitassi véligvad tthatuinaia eidyibra caxmd)ebfvdugedebytdnqﬂoimgjrm@]mozzI e
(36) at a {)ressure I nsufficient to renpve substantially all of the deposit

(22) from tsersahaiggni. ﬁ@llﬁg}Qerltilﬁnl thet 230 Wﬁ/éup‘&?e(ah@‘éﬁ 83 NSPB/ABG esent
in the jetﬁ_&r?ﬂgé?dm%sq ﬁ%ﬁd’ﬁces (16, 24) of the conmponent (10) and the

coating (2 rough-hole ( 12) are debarred and snoot hed so
as to increase the discharge coefficient of the through-hole (12). 21. A
conponent In 4 @urthdovestigatiprt, ainehyatfine B@oughiboles wetehlasaralaillied gn ¢&M)ofi eighst

ceramic la er (20 ontheflr t surface of t n

conmponent F & Hyse (9fé QPHRVAES K lggltﬁmtsheﬂbeeﬁ‘glrjﬁ?pg‘ ‘?%ﬁéﬁﬁ | s a
pl asma Spr%%@%%@‘aﬁodt@{@ﬂ inél? (abBuf OB 6 8Put (015D mADC idivegk dritnddiyatone of
clains 20 to 22, wherein the conponent ( 10) is an air-cool ed conponent (

10), and t treangie ofighoub 30 degreeio the sarfwmﬁthgpmml% Thedipmeteathrovgheeashct s t he

fi d d f
10 accor dieig T ete BRIt edibids S0 B8 TWRLER NS e e BobOTRE 00
of the conpeAgahel(W4})detitthifddeustpawhtefat(?Pressilied dopd abb@ J0hiheheg vf kakea (12)

are debarred and snoothed primarily by inpact fracturing of the deposit

(22) and i tAbaELSG mbaerfhspapels prrse @@nf%?é@é by plesmaspragag with an)I@AdYi on or
abr asi on Ogoﬁcf]c%agﬂQQEé ﬁt}ﬁgl&)ess Sfhbout 0.006 inch (about 0.15 mm) or about 0.008 inch

(about 0.20 mm), with the result that some of the bond coat material was deposited

within each hole, though a witness hole remained. The metallic deposits within these
holes were then removed with a waterjet containing the same non-abrasive media and
media concentration as used in the previous investigations, and with the same nozzle,
standoff distance and traversal rate. The waterjet was produced at a pressure of about
10,000 psi (about 700 bar). Following the waterjetting operation, a ceramic coating
of YSZ was deposited to a thickness of about 0.020 inch (about 0.50 mm) in two
separate deposition steps, each resulting in about 0.010 inch (about 0.25 mm) ceramic
being deposited, resulting in the holes being partially blocked but with witness holes
still present. After each deposition step, the diameters of the holes were rechecked
with gauge pins, the ceramic deposits were removed using a waterjet under the same
conditions used to remove the bond coat material from the holes, and the diameters of
the holes again re-gauged. After all steps were completed, the panels were again
tested with a pressure drop of about 20 inches of water (about 50 mbar) to determine

the total effective area of their holes.
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25. A conponent (10) according to any one of clainms 20 to 24, wherein the
di scharge coefficient of the through-hole ( 12) is at least 0.9. 26. A
conponent (10) according to any one of clains 20 to 25, wherein the

di scharge .coefficient of the through-hole (12) is greater than 0.91. 27. A
conponent ( 10) according to any one of clains 21 to 26, wherein the
coating (20) conprises a netallic bond coat (20) deposited on the first

surface ( TébledV subenaaiepareadita (olkdedalnding thie iavestigdtyieTHe2dd)urte pagdrt ed on
t he bond coat 320) so that the deposit (22) conprises nmetallic and ceramc
a

deposi ts (2ytial Agoweheckih Heneffgetiyy aa%meawxgdt@r &mertm@ nepelcialli heleo to
\M] 113
27, whereif, nlgl%aie aceé’t‘%ﬁ:m %E’%lésou fjﬁ%&% &m Héa%%" ﬁgﬂhe (12)

at the seco sur nproved e sur |n|s
t hr ough- holGaugel Pjamé&&s” thbumrthe dian(elf@$ oAite® holien gn teac}apgneb neagfred wdthns 20

19,28 LS S BOIROTARD, d Y SRS e s
- AYa. AYU. AR IRERDN BF % Boid 60is. A THAYRcbhdUZnd il columns under “Hole Gauge
Diameters” tabulate the diameters of the same holes when measured with gauge pins
before (“B”) and after (“A”) the waterjetting operations following application of the
first and second layers of ceramic, respectively. Finally, the last column under “Final
Flowcheck” is the effective area measured for the entire panel (all holes) following
the final waterjetting operation performed after the second ceramic layer was

deposited.
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a] ca] ca] ca] ca] calmakarkral cRligaksal cal gapkaf GB('7_‘A10% 8 /(Al ég)fclé ) -1
10% & ()-10% & ()-fs10% & ()- yY@M 10% /] & (
Panel (in®) (mils) (mils) _(mil)s  (mils) (in%)
0 0.0265 4 17/17 11/15 11/11 0.0326
13/14 11/11 11/11
P 0.0447 4 19/19 13/19 12/13 0.0514

24/24 18/24 16/21

Q 0.0437 4 22/24 17/24 16/21 0.0472

22/22 15/22 14/19

R 0.0410 4 17/17 11/18 12/13 0.0426

21/21 13/21 12/18

S 0.0379 8 14/15 11/14 11/11 0.0396

14/15 11/15 11/11

T 0.0311 8 13/14 11/14 11/11 0.0334

13/15 11/15 11/14

U 0.0323 8 18/19 12/19 11/15 0.0355

12/13 11/13 11/11

v 0.0292 8 12/14 11/12 11/11 0.0307

13/13 11/13 11/11
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From Table IV, it can be seen that the diameters of the holes as detected with the
gauge pins generally decreased with each process step. This trend was the result of
using gauge pins to check the diameters of the holes, which were no longer straight
through the full widths of the panels as a result of coating buildup. Nonetheless, the
effective flow areas of the holes had actually increased by an average of about 9.3
percent at the completion of the deposition and waterjetting processes, evidencing that
their discharge coefficients had also increased significantly (based on the discharge
coefficient being defined as the ratio of the effective area to the physical area of the
hole). These results indicated that, in addition to eliminating deposits, the non-
abrasive waterjet had significantly improved the surface conditions at the entrances to

the holes and within the holes, even though the holes themselves were no longer

uniformly straight throughout their lengths.

To evaluate whether an increase in discharge coefficient could be achieved with the
use of a media-free waterjet, a fifth investigation was undertaken with eleven panels
essentially identical to those of the fourth investigation. After laser drilling the
through-holes, the total effective area of the holes on each panel was determined using
water at a pressure drop of about 20 inches of water (about 50 mbar). The panels
were then cleaned by air and water-assisted grit blasting, tested for total effective area
of the holes, and coated with an MCrAlY bond coat and a YSZ TBC in the same
manner described for the fourth investigation, except that all of the bond coats were
deposited to thicknesses of about 0.006 inch (about 0.15 mm). After each coating
cycle, ten of the panels (Panels 300-309) were treated with a media-free waterjet at
pressures ranging from about 11,000 to about 40,000 (about 760 to about 2760 bar) in
an attempt to remove deposits from their holes, while the eleventh panel (Panel 316)
was treated with a waterjet at a pressure of about 10,000 psi (about 700 bar) and
containing the same non-abrasive media and media concentration as used in the
previous investigations. The same nozzle and traversal rate as used in the previous
investigations was used here, while the standoff distance was about 2.0 inches (about
5 mm). After all three deposition and waterjetting cycles were completed, the panels

were again tested to determine the total effective area of their holes.
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& ()-"$ 10%& ()-1Y 10%& ()-ek---8...... dE:/ 10 109s10%&' ()-6 109& ()-f2
109&' ()-f2 109& ()-F. 10% ()-F. 10% & ()-..7/WO0lallxY:/ 10310%& ()-3
109&' ()-3S 109& ()-3@ 10% ()- F310%&' ()-3 109%& ()- 1011Q7S7T7U7V7<YAbC 10l ,
109 ()-zl 109%& ()-z 10 10 10f9s10%&k' ()-3

109&' ()-33, 109 ()- YA[ A\ A] A\ADAKBK7KSKUSE7 10[[ 10[['8 10%[& ()-$

10% & () - $TheS§I& ¢f)this idwkstigation are summarized in Table V below. The column under

“Initial Flowcheck” is the total effective area measured immediately after laser
drilling the holes, and the column under “Pre-Coat Flowcheck” is the total effective
area measured after grit blasting the panels. The column under “Final Flowcheck™ is
the total effective area measured following the final waterjetting operation. The
“Change” column indicates the change in total effective flow area between the “Pre-

Coat” and “Final” flowchecks.
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#310%<&' () - #310%& ()- #310%<& () - 6mBrKmrni nf moneFbC5 #310% #310%<& () -
#310%<&' ()- #310%& ()- #310%<& ()- #310%& ( %

#310%<& () - onpnyndhidishohoiPsopatcs Mgaterjet inal

Flowcheck Flowcheck Pressure Flowcheck Change

Panel (in%) (in?) (psi) (in®) (%)

300 0.0354 0.0387 11,000 0.0254 -34
301 0.0349 0.0358 12,000 0.0224 -37
302 0.0328 0.0357 13,000 0.0257 -28
303 0.0372 0.0380 14,000 0.0294 -23
304 0.0375 0.0404 15,000 0.0310 -23
305 0.0332 0.0340 20,000 0.0269 -21
306 0.0309 0.0330 25,000 0.0278 - 16
307 0.0343 0.0352 30,000 0.0290 -18
308 0.0339 0.0349 35,000 0.0291 -17
309 0.0326 0.0342 40,000 0.0299 -13
316 N/A 0.0301 10,000 0.0325 +8

The above data show that the effective flow areas of the holes in the panel subjected
to the non-abrasive waterjet of this invention increased by about 8 percent, even
though the pressure used was only 10,000 psi (about 700 bar). Accordingly, this

result of the investigation was in agreement with the results of the fourth
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In Figure 4, recast and other debris from the laser drilling operation are visible along
the edge defined by the entrance of the hole in the as-machined condition. All of the
specimens exhibited similar recast and debris immediately after laser drilling. Figure
5 shows that air and water-assisted grit blasting at pressures of about 60 to 80 psi

(about 4 to about 5.5 bar) was able to remove some of the recast and debris, but the
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the waterjet treatment was ineffective in reestablishing the original size of the hole.
Furthermore, the appearance of the surface surrounding and within the hole has not
changed, indicating that the waterjet did not alter the as-machined surface finish of the
hole. These observations agree with the data in Table V that showed the media-free
waterjet treatment did not increase the effective area (and, therefore, the discharge
coefficients) of the holes in Panel 309, and instead the effective area was reduced
from that of the original laser-drilled hole as a result of the presence of the bond coat

debris.

Finally, Figure 7 evidences the drastic effect that the non-abrasive waterjet treatment
of this invention has on the appearance and surface texture of one of the through-holes
in Panel 316. Not only did the non-abrasive waterjet successfully remove all debris
from the bond coat and TBC deposition cycles, the entrance and interior surfaces of
the hole have a shiny appearance, evidencing that the surface finish of the hole and
hole entrance has been improved from that of the laser-drilled hole. The appearance
of the entrance and interior surfaces of the hole is characteristic of surface
microfeatures having been removed by impact fracturing or otherwise flattened by
impacts with the non-abrasive media. Therefore, in addition to improving the
effective area (increasing the discharge coefficient) of a cooling hole, the non-
abrasive waterjet treatment of this invention visually alters the appearance and
physically alters the surface of a cooling hole as compared to an identical cooling hole
treated with a media-free waterjet. This beneficial effect is further evident in Figure
8, which shows a longitudinal section of a through-hole processed in the identical
manner as the hole shown in Figure 7. Rounding of the hole entrance, which has the
effect of increasing the discharge coefficient of the hole, is evident in the 25x

magnification image.
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to any significant degree. An 1mp0rtant beneﬁt of this observatlon 1s that, in contrast

to abrasive media, the particulate media of this invention can be reused by recovering
the liquid (water), separating the particulate media from the liquid, and then drying
the particulate media so that it can be later reused in another waterjetting operation. It
is believed the non-abrasive waterjetting process would not be compromised by the
reuse of the particulate media since the used media is substantially free of fractured
particles, and therefore remains substantially free of undesirable particles with sharp

corners and edges that would cause cutting and abrading of the cooling hole walls.

Following the above experimental investigations, the effectiveness of a non-abrasive
waterjet was evaluated with a combustor liner having laser-drilled cooling holes with
diameters of about 0.015 to about 0.023 inch (about 0.38 to about 0.58 mm). The
liner was processed by depositing an MCrAlY bond coat having a thickness of about
0.008 inch (about 0.2 mm), followed by a YSZ TBC deposited in two steps by APS to
have a final thickness of about 0.020 inch (about 0.50 mm). Deposits from each
coating operation were removed from the cooling holes with a waterjet containing
about 20.8 weight percent of glass spherical beads having diameters of about 45 to
about 90 micrometers. The waterjet was produced at a pressure of about 10,000 psi
(about 700 bar) with a nozzle having a diameter of about 0.050 inch (about 1.3 mm).
Before depositing the TBC (“Pre-TBC”) and after removal of the TBC deposits with
the final waterjetting step (“Post-WJ”), the liner was fixtured so that five different sets
of cooling holes could be individually evaluated for effective area at a pressure drop
of about twenty inches of water (about 50 mbar). The measured effective areas are

summarized in Table VI below.
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TABLE VI
Cooling Pre-TBC Post-WJ] Change

Circuit (in’) (in®) %
| 1.9653 1.9917 +1.34
2 2.0227 2.0921 +3.43
3 1.7437 L7771 +1.92
4 1.3120 1.3964 +6.43
5 1.4694 1.5711 +6.92

Sum 8.5131 8.8280 +3.70

The above results clearly evidenced that a significant increase in the effective area,
and therefore the discharge coefficient, occurred as a result of waterjetting the liner
cooling holes with the non-abrasive particulate media of this invention. It is
estimated that the discharge coefficient increased from an average of about 0.88 (Pre-
TBC) to an average of about 0.91 (Post-WJ), corresponding to the 3.7% increase in
effective area. In view of the 9.3 percent and 8 percent increases observed for
through-holes treated with non-abrasive waterjets in previous investigations, it is

believed that discharge coefficients in excess of 0.91 are possible with this invention.

While the invention has been described in terms of a preferred embodiment, it is
apparent that other forms could be adopted by one skilled in the art. For example, the
process of this invention could be performed on coated articles other than the
combustion liner discussed, and coating materials other than those described could be
removed with the non-abrasive jet of this invention. Therefore, the scope of the

invention is to be limited only by the following claims.
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CLAIMS:

1. A process of removing a deposit (22) from a through-hole (12) of a component
(10) having a coating (20) on a first surface (14) thereof, the deposit (22) being
contiguous with the coating (20) and not fully closing the through-hole (12), the
process comprising the step of directing a liquid-containing jet (34) at the through-
hole (12) from a second surface (16) of the component (10) opposite the first surface
(14), the jet (34) containing non-abrasive particulate media and being emitted from a
nozzle (36) at a pressure insufficient to remove substantially all of the deposit (22)
from the through-hole (12) if the particulate media were not present in the jet (34),
whereby removal of the deposit (22) is primarily by the particulate media propelled
by the jet (34) and not the liquid.

2. A process according to claim 1, wherein the coating (20) is a ceramic layer on the
first surface (14) of the component (10) and the deposit (22) is a portion of the
ceramic layer that extends into the through-hole (12) from the first surface (14) of the

component (10).

3. A process according to claim 1 or 2, wherein the component (10) is an air-cooled
component (10), and the through-hole (12) is a cooling hole (12) that intersects the

first and second surfaces (14,16) of the component (10).

4. A process according to any one of the preceding claims, wherein the pressure of
the jet (34) is not higher than 1000 bar.

5. A process according to claim 4, wherein the pressure of the jet (34) is not higher
than 970 bar.

6. A process according to claim 5, wherein the pressure of the jet (34) is about 400 to
about 970 bar.

7. A process according to claim any one of the preceding claims, wherein at least 70

percent of the particles of the particulate media have a spherical shape.

8. A process according to any one of the preceding claims, wherein the particulate
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particulate media have diameters in a range of about 45 to about 90 micrometers.

11. A process according to any one of the preceding claims, wherein the particulate

media constitutes about 10 to about 30 weight percent of the jet (34).

12. A process according to claim 11, wherein the particulate media constitutes about

20 weight percent of the jet (34).

13. A process according to any one of the preceding claims, wherein the particulate
media removes the deposit (22) from the through-hole (12) primarily by impact
fracturing the deposit (22) and not by erosion or abrasion of the deposit (22).

14. A process according to any one of the preceding claims, further comprising the
step of depositing the coating (20) on the first surface (14) and the deposit (22) in the
through-hole (12) by plasma spraying in a direction toward the first surface (14) that
is not parallel to the axis (18) of the through-hole (12).

15. A process according to claim 14, wherein the plasma spraying step produces a
witness hole having a diameter of about 0.15 to about 0.25 millimeter within the
through-hole (12).

16. A process according to any one of claims 2 to 15, wherein the coating (20)
comprises a metallic bond coat (20) deposited on the first surface (14) of the
component (10) and a ceramic layer (20) deposited on the bond coat (20) so that the

deposit (22) comprises metallic and ceramic deposits (22).

17. A process according to any one of the preceding claims, wherein the jet (34)
rounds edges of the through-hole (12) at the second surface (12) and improves the
surface finish within the through-hole (12).
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the particulate media in the process.

19. A process according to any one of the preceding claims, wherein the component

(10) is a combustor liner.

20. A component (10) having a coating (20) on a first surface (14) thereof and a
through-hole (12) from which has been removed a deposit (22) that was contiguous
with the coating (20), the deposit (22) being removed by directing a liquid-containing
jet (34) at the through-hole (12) from a second surface (16) of the component (10)
opposite the first surface (14), the jet (34) containing non-abrasive particulate media
and being emitted from a nozzle (36) at a pressure insufficient to remove substantially
all of the deposit (22) from the through-hole (12) if the particulate media were not
present in the jet (34), wherein surfaces (16,24) of the component (10) and the coating
(20) defining the through-hole (12) are deburred and smoothed so as to increase the
discharge coefficient of the through-hole (12).

21. A component (10) according to claim 20, wherein the coating (20) is a ceramic

layer (20) on the first surface (14) of the component (10).

22. A component (10) according to claim 21, wherein the ceramic layer (20) is a

plasma sprayed ceramic layer.

23. A component (10) according to any one of claims 20 to 22, wherein the
component (10) is an air-cooled component (10), and the through-hole (12) is a
cooling hole (12) that intersects the first and second surfaces (14,16) of the

component (10).

24. A component (10) according to any one of claims 20 to 23, wherein the surfaces

(16,24) of the component (10) and the coating (20) defining the through-hole (12) are

deburred and smoothed primarily by impact fracturing of the deposit (22) and impact

flattening of the surfaces (16,24), and not by erosion or abrasion of the deposit (22).
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25. A component (10) according to any one of claims 20 to 24, wherein the discharge

coefficient of the through-hole (12) is at least 0.9,

26. A component (10) according to any one of claims 20 to 25, wherein the discharge

coefficient of the through-hole (12) is greater than 0.91.

27. A component (10) according to any one of claims 21 to 26, wherein the coating
(20) comprises a metallic bond coat (20) deposited on the first surface (14) of the
component (10) and a ceramic layer (20) deposited on the bond coat (20) so that the

deposit (22) comprises metallic and ceramic deposits (22).

28. A component (10) according to any one of claims 20 to 27, wherein the jet (34)
has formed rounded edges of the through-hole (12) at the second surface (12) and
improved the surface finish within the through-hole (12).

29. A component (10) according to any one of claims 20 to 28, wherein the

component (10) is a combustor liner.
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