MANUFACTURE OF CASTI NG CORES BACKGROUND OF THE | NVENTI ON [ 00011 The

I nvention relates to investnent casting. Mdre particularly, the invention
relates to refractory netal cores for formng internal features in
superal | oy castings. [00021 Investnent casting is a comonly used technique
for formng netallic conponents having conplex geonetries, especially

hol | ow conponents, and is used in the fabrication of superalloy gas turbine
engi ne conponents. 100031 ®RNUFALBTURE @RFAREING €OREGel y used in aircraft
propul sion, electric power generation, and ship propulsion. In gas turbine
engi ne applications, efficiency is a prime objective. |Inproved gas turbine
engi ne efficiency can be obbamﬁﬁﬂﬂﬂycﬁbéﬁatIN@EEIImmgher t enper at ur es,

h ' b dth
mol 11 g por st oty SRR PR ARBRA R Re) (lRBtetiy PsRe- BBrfononis.

COnsequentpyrticiuliaarlar geher ahvenaten ofeliatepr @vi defrai:toﬁyaoihem do@eki ng is

provided by flowing relatively _cool air fromthe conpressor section of the
engi ne thr %hto‘iﬂ%‘g‘ggégteFﬁahh@e?ﬁ‘i‘fﬁ%e‘rb@i’fﬁ&ﬁ@ﬁ@yt 2Pl I ed. Such

cooling comes w th an associated cost in engine efficiency. Consequently,
there is a strong desire to provide enhanced specific cooling, nmexim zing

t he anount ben ht ai ned_from a ven nt of cooling air.

This nmay bég%% k ?@m? 9ﬁ§ TP P fe® TW?R% grd gfgggaquﬁog?ing

passagewayf:smirig)m@ta[m(ie%oii\pméimQm@ile@e@o&peéﬁ g¥bmésri@garding the
nvest ment

v especially hollow components, and is used in the fabrication

of superalloy gas turbine engine components.

[0003) Gas turbine engines are widely used in aircraft
propulsion, electric power generation, and ship propulsion. In
gas turbine engine applications, efficiency is a prime
objective. Improved gas turbine engine efficiency can be
obtained by operating at higher temperatures, however current
operating temperatures in the turbine section exceed the
melting points of the superalloy materials used in turbine
components. Consequently, it is a general practice to provide
air cooling. Cooling is provided by flowing relatively cool
air from the compressor section of the engine through passages
in the turbine componente to be cooled. Such cooling comes
with an asgsociated cost in engine efficiency. Consequently,
there is a strong desire to provide enhanced specific cooling,
maximizing the amount of cooling benefit obtained from a given
amount of cooling air. This may be obtained by the use of

fine, precisely located, cooling passageway sections.

[0004] A well developed field exists regarding the investment
casting of intermally-cooled turbine engine parts such as
blades and vanes. In an exemplary process, a mold is prepared
having one or more mold cavities, each having a shape

generally corresponding to the part to be cast. An exemplary
1



casting of internally-cooled turbine engine parts such as blades and vanes.
In an exenplary process, a nold is prepared having one or nore nold
cavities, each having a shape generally corresponding to the part to be
cast. An exenplary 1 process for preparing the nold involves the use of one
or nore wax patterns of the part. The patterns are formed by nol ding wax
over ceram c cores generally corresponding to positives of the cooling
passages W¥Ifiefs KeTrpRFeBarind atkhd1qlidhd nypdres sthe quge refienes |9 POFe f or med

around one.gf JIRERrANCHEPEAL A | Pl ckBRUNaf @SR fea P niffBY De

renoved such s by nelting in an autocClave. The shell nmay be fir
har den t hewaheivier C?mamlpeavegsagmrcﬁldmprgﬂagomm@rmIpmmnrgsmé or

Tor e (PP CRIBRLLIE Y St e LM N CONLALIY e RCATLC

core(s) d hing 't g passages en a oy na i ntroduced
to the nola ¢erami§tshhélpastfejmed#nmbunmobnagoramdrsoémchfgauu;nmb tithe al |l oy,

t he shell e nechanicall nd/ or r.enov d fromthe
ol ded pat TS RoHe LEAPLpR) L YT e Dol APALS AP 1Ltk Mo LA  or
nore stagesn a(rp%%bcmeecemm ShEDT Gyt MRMEEH-¥ESLHBYaREed A GHaY 1m0l ding a
m xture of ceram c powder and binder material by injecting the mxture into

har dened st leiaves Af meddr eapRBisinokhenehal bshaving opear @9res are
thermal I'y ;\5@:"& ﬂﬂ%@.ﬁ%ﬁgo{?ﬁaﬁmgs L el B “ﬂGEuéﬂd & ﬂ@éjn? & el Eée

ceram c powder toget trend tomard I ner coo I ng ures “has taxed
core core(s) defining the cooling passages. Molten alloy may then

be introduced to the mold to cast the part(s). Upon cooling
and solidifying of the alloy, the shell and core may be
mechanically and/ox chemically removed from the molded
part(s). The part(s) can then be machined and treated in one

or more stages.

[0005] The ceramic cores themselves may be formed by molding a
mixture of ceramic powder and binder material by injecting the
mixture into hardened steel dies. After removal from the dies,
the green cores are thermally post-processed to remove the
binder and fired to sinter the ceramic powder together. The
trend toward finer cooling features has taxed core
manufacturing techniques. The fine features may be difficult

to manufacture and/or, once manufactured, may prove fragile.

[0006])] Commonly-assigned co-pending U.S. Patent No. 6,637,500
of shah et al. discloses general use of refractory metal cores
in investment casting among other things. Various refractory
metals, however, tend to oxidize at higher temperatures, e.g.,
in the vicinity of the temperatures used to fire the shell and
the temperatures of the molten superalloys. Thus, the shell
firing may substantially degrade the refractory metal cores
and, thereby produce potentially unsatisfactory part internal

features. Use of protective coatings on refractory metal core
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manuf acturing techniques. The fine features may be difficult to manufacture
and/ or, once manufactured, may prove fragile. (0006] Conmmonly-assigned
co-pending U. S. Patent No. 6,637,500 of Shah et al. discloses general use
of refractory netal cores in investnent casting anong ot her things. Various
refractory netals, however, tend to oxidize at higher tenperatures, e.g.

in the vicinity of the tenperatures used to fire the shell and the

t enper at ursabssirathe maytles nrgraEsdryoye. pFouect titee shdidtrafties figomay

substantlegiiéaQQ 28 %P§hr€gm§% QLYo getal cores and, thereby produce

potential l'y unsa ihternal  features. Use of protective
coatings on refractory netal core 2 substrates may be necessary to protect
the substrates from oxidation at high tenperatures. SUWARY OF THE

| NVENTI ON (0007] Forning f i nEUMMARY)r@E THEe JUNENTEONf i culties even with

refractoryqiial & %r efféﬁtﬁfé’é‘réf&s‘@n%r a %?EESlt?XQSr&Y Q{lth

nanufacture technrques aser cut 'S an ageous
technlcuuaﬁaﬁrabmbnyngetahecdfﬁaluﬂheren1Bhanparmﬁ¢umannqdunmaelsyheegﬁ

Ho t h d | t tends t t, brittl
rocast | ayth TAFORGOEHES Lo ISy PRBLEATRRY ¢ 1Ay HREACE AdndRing,

crack i nlaldv%trﬂt@.@ebﬁstbéclﬁﬁi?@ﬁ ﬂo%’%rﬂi&ﬁgpfﬁﬁ)éigﬁé@:ﬂe@li% itAia and through
the base netal. This nmay_result in the breaking of the fine core br anches.

It is des.lreaﬁma@tpéw@%% PhRe Y ec AWeVET . cBRe riifatsinch aamsdEtsd. Provever ,
basi c chem tal: WRREnYOLLAds to create a brittle recast layer along the

cut. During subsequent forming and/or handling, crack
initiation in the recast layer may propagate cracks into and
through the base metal. This may result in the breaking of the
fine core branches. It is desirable to remove the recast to
control such cracking. However, basic chemical means would
tend to remove about the same depth of base material away from
the cuts as the depth of recast removed along the cuts. This
can compromise dimensional integrity, including adversely
affecting predictability and consistency. Accordingly, it is

desirable to preferentially remove the recast.

[0008] Accordingly, one aspect of the invention involves a
method for forming an investment casting core comprises
cutting a patterned core precursor from refractory metal-based
sheet. The cutting forms recast along the cuts. An oxide is
grown on non-recast areas. The recast is substantially
chemically removed (e.g., the chemical means are more
regponsible than any other means). The removal substantially
leaves the oxide (e.g., a majority, typically in excess of

90%). The core precursor may then be shaped.

[0009] The details of one or more embodiments of the invention

are set forth in the accompanying drawings and the description
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tend to renpve about the sanme depth of base material away from the cuts as
the depth of recast renoved along the cuts. This can conprom se di nensi ona
integrity, including adversely affecting predictability and consi stency.
Accordingly, it is desirable to preferentially renove the recast. [0008]
Accordi ngly, one aspect of the invention involves a nethod for formng an
i nvestment casting care conprises cutting a patterned core precursor from

ref r act or PeAb¥al Obeedfeatzas, phdecher i #efl fasrantagessofalbhg the cuts. An
oxide is ;QLAWDigon Lg:ﬁglmr%l aVeBRS £ r SRCLES Gl t_%%:ﬂsraﬂﬁt H?L%Yng&,ﬂem cal l'y

removed (e.g., the ans are nore responsible than any ot her
means) . Thadr Enomatheubbtiamtially |eaves the oxide (e.g., a majority,
typically in excess of 90%. The core precursor may then be shaped. [0009]
The details of one or nore enbodinments of the invention are set forth in
t he acconpanyi ng draw ng%( and the description 3 below Oher features,

obj ects, and advant ages BIEFh&ESCRYBRICH LKV THE HRAYINGSent fromthe
descripti i a | al &;ﬁﬁ}% OF THE
DRAW N%S F@S%gf gI(IgM ?-g;ig a ?P%&% ar% Q%f %a@ggggggsbggr manu éj:ytr%gng and

usi ng a rendacedny aeteframaey MeBal] cét& 2 is a photograph of a | aser cut

aperture in a nolybdenum core post oxidation and with recast. [0012] FIG 3
is a photograph of a laser cut aperture in a

[0011] FIG. 2 is a photograph of a laser cut aperture in a

molybdenum core post oxidation and with recast.

[0012] FI1G. 3 is a photograph of a laser cut aperture in a

molybdenum core after recast and oxidation removal.

[0013] Like reference numbers and designations in the various

drawings indicate like elements.



nmol ybdenum core after recast and oxidation renoval. [0013] Like reference
nunbers and designations in the various drawings indicate |like elenents. 4
DETAI LED DESCRI PTI ON [0014] FIG 1 shows an exenplary process of refractory
nmetal core (RMC) manufacture and use (sinplified for illustration). The
core precursor(s) are forned by a process including |laser cutting. For
exanpl e, the laser may be used for all cutting (i.e., cutting the precursor
froma |larger sheet and then RETAILEP BESKRIBTIENscal e and smal | scal e

features). er. i vel rgss i 1 e by_nechanical neans such as
die cutti n[ggoﬁlﬁé)m S e'e¥l s%‘c?‘é'g g%l?%%‘aé]iaf%sgj%gu??i 6 B TRy M ,aismal | er
scal e featagres (RMCY. manwfactwgs andr miseg (sbapl ff edfidretidfluskExenpbay y sheet
material i essentiall ur nmol yhdenu The | aser cutting,for r ecast

mat eri al é‘ﬁ’gnﬁofﬁepr%%‘¥5£°’f g‘ﬁ@f%%‘“ﬁ&%& Ffli?creé"r?o\}i"ﬁ&“gﬁﬁgr g%%%? . an

oxi de is GAWIngOVESr NE@XamElAS it easer BXePbaNnIseXifdy a3 1t BakfBhdgy grown

(TG, although chemcally grown oxide is possible. An exenplary oxidation
process i ofvesChERINAEhe RERCHTSOr: fret| atlaxnpew aiegtie andnghenne and

t enper at Ur&,t¥B%gbBoER! BLEGY sdd Al SRRVDN. DI & X eyi de to act as a
maskant but not "so nuch as to adversely affect dinensional tol erances. An

exenpl ar y Alitggnahive byypegxnas e uditd ngomsy nbe e gnethaz(@23F me@857s385C) . The

parts rmay a%e dii@SS{J:@gné nfzoorf’f‘ ﬁ{e%r?:e%g:ggkofgflowed laser cutting of the
finer, smaller scale features (e.g., core legs forming cooling
outlets). Exemplary sheet material is essentially pure
molybdenum. The laser cutting forms recast material along the
cuts.
[0015] As a prelude to removing the recast, an oxide is grown
over non-recast areas. Exemplary oxide is thermally grown
(TGO) , although chemically grown oxide is possible. An
exemplary oxidation process involves heating in an air
circulating oven. Heating time and temperature may be selected
to form enough molybdenum oxide to act as a maskant but not so
much as to adversely affect dimensional tolerances. An
exemplary time and temperature are 6035 minutes at 700+25°F
(357-385°C). The parts may be inserted into a preheated oven
and removed an allowed to air cocl. Exemplary oxide yields are
less than 25um (1-12.5um). Various forms of molybdenum oxide

may be formed during this process

[0016] FIG. 2 shows a molybdenum core 20 having a laser cut
aperture 22. An exemplary core is formed from ~0.35mm thick
sheet stock (e.g., 0.10-0.20 inch (0.25-0.51mm)). Recast 24 is
present along the cut perimeter of the aperture. An oxide
layer 26 is shown along each of the two core faceg resulting
in a slight thickness increase (e.g., to ~0.38mm). The recast

24 appears with a brittle laminar structure.



and renoved an allowed to air cool. Exenplary oxide yields are |ess than
25m (1-12.5m . Various fornms of nol ybdenum oxide wmy be formed during this
process [0016] FIG 2 shows a nol ybdenum core 20 having a | aser cut

aperture 22. An exenplary core is fornmed from~0.35mm thick sheet stock
(e.g., 0.10-0.20 inch (0.25-0.51nm). Recast 24 is present along the cut
perinmeter of the aperture. An oxide |ayer 26 is shown al ong each of the two
core faced0Pd2}| Pifkgr pridesromthi HikskAesasknés edglesyantially ~0. 38mm). The

recast  24..3BPea! SeMbhdh AP ddridva! 2M1 Qﬁémﬂflu,g%rmﬂ]eais[ Qleiue@{éaef oxi de

growth, the recast is substantially renove ary renmoval 1s chem cal,
by neans ofléhngi sach as |ddidycsmdB lapgachulisxandlamyacAd éreapvatgr acid is a

water an I LE] |.Co ACl 1 X ( - % ni.tri.c, 5% sulfuric, and
45% wat er 9 b(i)i:ﬁré}; M%“lexfrlpcla%rcg d%“ rlrso(gg?e rrg%'g%'e‘ %gté gls} %g At a?(y anbi ent
condi ti onsuldtimbs phend ot §¥ essiere byntolahe 6.5-EAemplbiy24€npvalheay esoval may

I nvol ve i nmersion a nechani cal tation. An exenplary imersion tinme is
455 secoﬁ&s?sgﬁpﬁiéihy QiQSHggﬁaoP?ri%QHBF Lo PEGSPHISrE  to neet

recast ren@vak-veoni (Eaenf«ar) ) 0@hR] rénSvalamy 9fvd18ea S meirkhoNagya Wi th
| aser intensity. Exenplary recast thickness is 2.5-12.5m Exenplary renoval

renoves affer8asicabospitation edas eXgrpary i valensdmn ddags iswtErout
subst anti %'eL:)SPQEf e§$1£&91déd‘ecd?®@>‘s&%%ﬁt afi €ofine 1 Pe QAL QALY Yorddd er
recast renoval, the oxide may be

to meet recast removal requirements.

[{0018] The amount of recast will vary with laser intensity.
Exemplary recast thickness is 2.5-12.5um. Exemplary removal
removes at least 90% of the recast at critical bend areas

without substantially effecting the non-recast areas.

[0019] Optiocnally, after recast removal, the oxide may be
substantially removed. Exemplary removal is chemical, by means
of chemical milling such as alkaline milling. The part may be
immersed in an alkaline solution. Exemplary immersion is at
ambient pressure and slightly elevated temperature Exemplay
solution, time, and temperature parameters are a pH of 10-12,
for ~10 seconds, at 140:10°F (54-66°C}. An exXemplary alkaline
solution is available from Enthone, Inc. of West Haven,

Connecticut under the trade mark ENPREP 35.

[0020) Exemplary removal removes at least 90% of the oxide and
preferably essentially all. The amount of overall base
material lost will depend upon the amount of oxide present.
The oxide iz converted base material and will result in that
much stock loss. Exemplary values are ~5-15um. Material loss
at the laser cut features (e.g., holes and the like) may be

essentially equal to the recast thickness (e.g., 2.5-12.5um).



substantially renoved. Exenplary renoval is chem cal, by neans of chem cal
mlling such as alkaline mlling. The part may be imersed in an al kaline
solution. Exenplary imrersion is at anbient pressure and slightly el evated
tenperature Exenplay solution, tine, and tenperature paraneters are a pH of
10-12, for -10 seconds, at 14010F (54-66C). An exenplary al kaline solution
Is avail able from Enthone, Inc. of West Haven, Connecticut under the trade
mar k ENPRERG353 phows]a B@irplaney tirgoharing np\rer isietiegas0 doomovhidie oxi de

and preferably.gssenti . n erall base nmaterial |ost
wil | depeﬁg%uggﬁ ?ﬁeﬂéﬁéﬁéﬁbéaﬂﬁifﬁgg %Eggeé&égréﬁga oxi de is converted base
material and will result in that nmuch stock |oss. Exenplary val ues are
~5-15m Lhal loss . at the | aser cut features 40.. holes and.the |ike)
oy be ec00RtT o T Giarors PRESTERE marh ek Rbapt i formdd BEEER s D
3 shows ahesdéngpetsd uptolbie Y relpehivety ecodb Tutrd Whagle folecagensd has
substantially been ¢leared. [0021], The_cut core prggﬁzsor may be

shaped/ f or€d 9ggiged fsat i PEieaaptyyi ¥E-er @ convol ut ed shape

for castingaplifg/deshisg, £ QT i1GR LORALAY mff HY Qp1Relor Bome
shapi ng/ formng, a protective coatlng_nay be” appl i ed. §hn§ exenpl ary
coati ngs #&xempaazy| feat bahpire yedapedrt | Brepplauss sepngithonappagestal or

che o B! OB PR BRI o BNELERL SN SeLETEs e

col d sprayhysical deposition processes are ion vapor deposition (IVD)
and cold spray deposition. Exemplary IVD and cold spray
deposition techniques are shown in U.S. Military Standard
Mil-C-83488 {(for pure Al) and U.S. Patent No., 5,302,414 of
Alkhimov et al., respectively. Exemplary chemical processes
include electrolytic plating. The deposited layer may then be
at least partially oxidized. Exemplary oxidation is via
chemical process such as anodizing, hard coating (a family of
high voltage anocdizing processes), and micro-arc oxidation.
Exemplary micro-arc processes are shown in U.S. Patent Nos.
6,365,028, 6,197,178, and 5,616,229, Other exemplary coatings

are ceramic.

[0022] The RMC may then be assembled with other cores (e.g.,
other RMCs and/or ceramic feed core(s)) Exemplary ceramic feed
cores may be formed separately (e.g., by molding from
silicon-based material) or formed as part of the assembling
(e.g., by molding the feed core partially over the RMCg). The
assembling may also occur in the assembling of a die for
overmolding the core assembly with wax or wax-like material to
at least partially embed the core(s). The overmolding forms a
pattern which is then shelled (e.g., via a multi-stage
stuccoing process forming a silica-based shell). The wax
material is removed {(e.g., via steam autoclave). After any

additional mold preparation (e.g., trimming, firing,



deposition techniques are shown in U S Mlitary Standard M1-C- 83488 (for
pure Al) and U S. Patent No. 5,302,414 of Alkhinov et al., respectively.
Exenpl ary chenical processes include electrolytic plating. The deposited

| ayer may then be at |east partially oxidized. Exenplary oxidation is via
chem cal process such as anodi zing, hard coating (a famly of high voltage
anodi zi ng processes), and mcro-arc oxidation. Exenplary mcro-arc
processes are shown in U S. Patent Nos. 6, 365,028, 6,197,178, and

5, 616, 229.288eRBL 1R%bnR F3BRR iPFGSess ANEERMAYS 02X "PRE RREESRAY then be
assenmbl ed ithsOhAGT a LS Rt metaQbhes &3 aH/ aheL@haicibeegesor e(s))
Exenplary ceram c feed cores nmay be forned separately (e.g., by nolding
from silixesevedséd-Imt criainechanisaiefears barthefcarse agssohbyi by (e.g., by
nmol di ng t e riial}); - &@g& . 3 | | al so
occur in t%eefnaggggng‘lg?ngébé' ‘a Jdll)ée%}‘%&l&ggerrm gi'ngi}%hg%z%r%ggagggt W th wax
or wax-| i keymaheni bé¢ thachiied easl sphjectl ty Bnddent Hd ndehe tepatiiéet

over nol di ng forns attern ich is then shelled (e.qg., via,a nmulti-stage
ot hccoi ng e GoeserBr BTt o RA A ER e e s B E KRR S P e e al &
renoved (e@r@atmehfsst£adn GdidpeeatAbhes) any additional nold preparation

(e.g., trinmmng, firing, 7 assenbling), a casting process introduces one or
nore nolten netals and allows such netals to solidify. The shell is then

renoved (erg@23]Vichd®haRiredbnBBadnt o ¢RECp2eseAb! ¥nténtion have
been described. Nevertheless, it will be understood that
various modifications may be made without departing from the
spirit and scope of the invention. For example, the principles
may be applied as modifications of various existing or
yet-developed core manufacture processes. Accordingly, other

embodiments are within the scope of the following claims.



then renoved (e.g., via chem cal neans). The as-cast casting may then be
machi ned and subject to further finish treatnent (e.g., nechani cal
treatnments, heat treatnents, chemcal treatnents, and coating treatnments).
[ 0023] One or nore enbodi nents of the present invention have been

descri bed. Nevertheless, it will be understood that various nodifications
may be made without departing fromthe spirit and scope of the invention.
For exanpleq, principles my be applied as nodifications of various

exi sting or yet-devel oped core manufacture processes. Accordingly, other
enbodi nents are within the scope of the following clains. 8 CLAIMs: 1. A
met hod for, forning an investnment casting core (20) conprising, cutting, a
patterned]coreApF%EBP§oF°¥r@ﬁﬁm¥ﬁ9eﬁﬁ(%PVE§tW§F§IC%%E%Egrﬁﬁﬁﬁi( 0) the cutting
formng r rigady:along cuts; and substantially renoving the recast (24).
2. The nmethod of claim1 wherein the patterned core 10 precursor is cut
from refract or FUYRSABE. paRREterRad conel PrEGHEREE Evepriefrapgtayowi ng oxi de

(26) o’ NnQuEH-AC ar . st [ | y. [ t cast (24)
R e i s R s S S S DS
precur sor .cuts; and

substantially removing the recast (24).

2. The method of claim 1 wherein the patterned core
10 brecursor iz cut from refractory metal-based sheet; and
Further comprising:
growing oxide (26) on non-recast areas;
substantially chémically removing the recast (24) but
substantially leaving the Oxidé (26); and
15 shaping the core precursor.

3, The method ©of claim 2 wherein:
the cutting comprises laser cutting. .

r

20 4, The method of claim 2 or 3 wherein:
the precursor comprises in major weight part molybdenum.

5. The method of any of claimes 2 to 4 wherein:
the growing compriseg thermally growing.

25 ‘
6. The method of any of claims 2 to 5 wherein:
the growing comprises heating in air at essentially
atmospheric pressure, '
30 7. The method of any of claims 2 to 6 wherein:

the substantially chemically removing the recast (24)
comprises chemically milling for 25-45 seconds.



3. The method of claim2 wherein: the cutting conprises |laser cutting.. 20

4. The nmethod of claim2 or 3 wherein: the precursor conprises in major

wei ght part nol ybdenum 5. The nmethod of any of clainms 2 to 4 wherein: the

growi ng conprises thermally growing. 25 6. The nethod of any of clains 2 to
5 wherein: the growing conprises heating in air at essentially atnospheric

pressure, 30 7. The nethod of any of clains 2 to 6 wherein; the

substanti g ly %g@hbéégg&ﬁ Q%h?i%‘é ggsg (%ﬁ%/h%rfc&(rgqri ses chemcally

mlling for 25- secon ains 2 to 6 wherein:
t he substanti altdhg chbetantizlhemhvmigally rewsaving cthepriss@stchenical ly

mlling fcgbﬁg%#g%s§§§%$g§?+§&E%iigy%ﬁg%%gogoggoa€géég8§j ainms 2 to 6 wherein:

t he substantral r eHOVI e‘recas conprises chemcally
mlling for 20-30 seconds. 10. The nethod of any of clains 2 to 9 further

conpri sing; 1Q.chemicall y.renpvingsthe oxide %%@%. 11. The method of clai'm
" 10 V\/ner%ei %’ thg‘h%hg%géil éfr \ﬂﬂglfﬂﬁé'so?i gg 2 e%eo]ﬁb'ri ses cleaning wth
an al kal i ne cl eel sgbseantially Khemically removing the recast (24)
comprises chemically milling for 20-30 seconds,

10. The method of any of claims 2 to 29 further comprising:
10 chemically removing the oxide (26).

11, The method of claim 10 wherein:
the chemically removing the oxide (26) comprises cleaning
with an alkaline cleaning solution.

15
12, The method of claim 1 wherein tha patterned core
precuraor is cut from refractory metal shegt; and further
comprising:
growing oxide (26) on non-recast areas; and
20 removing the recast areas (24) but substantially leaving
the oxide (26).
13. The methed of any of claims 2 to 12 further comprising:
a step for- removing the oxide.
25
14. The method of c¢laim 1 comprising:
- preferentially removing the recast (24).
15. The method of any preced;ng claim further comprising:

30 casting a nickel- or cobalt-based superalloy over the
" core {20); and '
chemically removing the core (20) from .the superalloy.

16. The method of any preceding claim further comprising:

10



12. The nmethod of claim 1l wherein the patterned core precursor is cut from
refractory netal sheet; and further conprising: grow ng oxide (26) on
non-recast areas; and 20 renoving the recast areas (24) but substantially

| eaving the oxide (26). 13. The nethod of any of clains 2 to 12 further
conprising: a step for-renoving the oxide. 25 14. The nmethod of claiml
conprising; preferentially renovi ng the recast (24). 15. The nethod of any
precedi ng cl a r r a cobal t - based
superal | oy ovlé'%]l%x ekﬁgo'r:é?%pg)%é) and %gﬁgggﬁkgg%’eﬁgﬁiﬁ@é t]he core (20) from
t he supenzidsapgeway8. ifha methixe @fixfodllpr ecedi ng cl ai m further conpri sing;
10 using the core (20) to sacrificially formcooling passageways in a
turbine airfoil. 5 11

11



