METHODS FOR MANUFACTURI NG | NVESTMENT CASTI NG SHELLS BACKGROUND OF THE
| NVENTI ON [ 0001] The invention relates to investnent casting. Mre

particularly, the invention relates to investnent casting using nolds
havi ng oxi di zabl e cores. [0002] Investnent casting is a commonly used

techni que for } t En EPHRORE Sy cgg@f g i es,
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especi ally holl ow conponents, an super al | oy
gas turbine engine conponents. [0003] Gas turbine engines are widely used in

applications including ai pul si.on, el . power generation, ship
propul sion, and punps. In %géfééﬁﬁ$ﬁé&%H@@#elékﬁﬁitgﬁions, efficiency is a
prime objegdiye THOARAledtiRIOR Fa%: tty RirRe LRgHe RfdtiGignewean be

obtai ned by operating at higher tenperatures, however current operating
t enper at DRESIERlaREYt uEBEnenYertion Bséekdsthe heveshgepbi ABSting the

super al | gy. tﬁéi?%s%g§fﬂ%i8xi&§9£ﬂ ~cogponents. Consequently, it is a

general practice rovide air coollng. oling is typically provided by
flowng relatively cool air fromthe conpressor section of the engine
t hrough passages in the turbine conponents tqQ be cool ed. Such cooling comnes

with ~anl8@ReEi HE LI Fasidilte 16 A GNP YOOrRse &t TUh ¥ is a

strong desihenkOnPEQY1 de 88113§8ﬁ§1qt§pﬁ&iriﬁ§ £90b1 84, geBRXEPEZENG the ampunt
of cooling benefit obtained Tfroma given ~“anount of "cooling air. This my be

obt ai nedebyethal lgehol lowi nepppnectsel gnfiotat ededconl thg pabsagabhayn

sections. [0005% ﬁ}mell develoged field exists regarding t he i nvest nent
casting of FRPEFAafPY- 2381 B PLPEi ARIENGi ne BareR Such as 1 bl ades and

vanes. |In an exenplary process, a nold is prepared

[0003] Gas turbine engineg are widely used in applications
including aircraft propulsion, electric power generation, ship
propulsion, and pumps. In gas turbine engine applications,

efficiency is a prime objective.

[0004] 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 typically provided by flowing relatively cool air
from the compressor section of the engine through passages in
the turbine components to be coocled. Such cooling comes with
an agsociated cosgst in engine efficiency. Consequently, there
ig a strong desire to provide enhanced gpecific 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.

[0005] A well developed field exists regarding the investment

casting of intermally-cooled turbine engine parts such as



havi ng one or nore nold cavities, each having a shape generally
corresponding to the part to be cast. An exenplary process for preparing
the nold involves the use of one or nore wax patterns of the part. The
patterns are forned by nolding wax over ceram c cores generally
corresponding to positives of the cooling passages within the parts. In a
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patterns in well known f ashi on. e wax nay renoved suc y nmelting
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| eaves a_nol d nprisin shel | havi ng one nore part- def|
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the part(s). Upon <cooling and solidifying of the alloy, the shell and core

my be WeEHRdtearny ahdrer RReERt cHLE PR ehovRy d¥eont thBeAOPAeEClPERY (s). The
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The ceram c cores ensel ves nmm Ing a ure of ceranc
powder atifle bisdet ndrap £4 s abe bywi theat tig p&mtsn1Kmuaeshalblh@rﬁE@eds@pta
dies. After renpval fromthe dies, the_green cores are thernal
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manuf acturing techniques. The fine features may be ficult? to nanufacture
and/ or, Ummﬁuﬁmmm@&ﬁvmedThaagh@lbvmairbgifbredCbun@mrgngshegneueco pendlng
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however , mot&Ngat©- @XF th 28y b ohb APt heAPEr @RS 1M thenVi &bRthynofné he
tenperatures used to fire the shell. Thus, the shell firing
ceramic core(s) defining the coollng 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/or chemically removed from the molded
part (g) . The part(s) can then be machined and/or treated in

one or more stages.

[0006]1 The ceramic cores themselves may be formed by molding a
mixture of ceramic powder and binder material by injecting the
mixture into hardened metal dies. After removal from the dieg,
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.
Commonly-assigned co-pending U.S. Patent No. 6,637,500 of Shah
et al. discloses various examples of a ceramic and refractory
metal core combination. Various refractory metals, however,
tend to oxidize at high temperatures in the vicinity of the
temperatures used to fire the shell. Thus, the shell firing
may degrade the refractory metal coresgs and, thereby produce

potentially unsatisfactory part internal features.



may degrade the refractory netal cores and, thereby produce potentially
unsati sfactory part internal features. 2 Accordingly, there remains roomfor
further inprovenent in such cores and their manufacturing techniques.
SUMVARY OF THE | NVENTI ON [ 0007] One aspect of the invention i nvol ves a

met hod fg is for over a

g 9 aE invest nent cast g 5P ﬁ ge
pattern CORpr %Fﬁg 98?8e5?88ﬁ38a£88mb qy wth SrréPP£8¥8P§n met'al - based
core at keastcpaeki ahbychrabedgaduractheihgdyechhequbedy is then

substantially renoved fromthe shell. The shell is strengthened by heating
in a first atnosphere of a first conposition. The shell is further

strengt hened by heating in %ﬂnﬁ@ SEGRRAaRephere of a second
conposi tion, different than the rst conp05|gﬁgn [ 0008] In various

i npl enentfa0Ddhs,Oricheadyeatti ngf afhd hmxfemt:}m-r irstalergg emetthasd efprmmay be a

preheat i rior to.,an introduction of It n to_t he | d. The first
conposit?gﬁgﬁﬁg BB MBYESbRFRLt FEE-LAIN™P gcﬁﬁeﬁgoﬁﬁo§PFmﬁ SV¥he®*met hod

may be Uéﬁ@té?nféBﬁFﬁﬁgﬁné gasyhubRhPBoADBLBRS. @bayowhtﬁlsnﬁekr55%ar§s a
bl ade or”“vane. The Tirst conpoSition nmay consist, in major part (e.qg., by

vol une), m@taérba8¢ﬁecogecahd1e@ﬁpogart@ﬁlhﬁyembﬁ§d§d ipnthej sepdgar Theof one

or nmore ,LAgrt 98Res. o1he Lhisl oMpasiLLan nay Ay s%”%?¥y@%% RaLShal
pressur e“8tYat 5] 685t THRPS"TAE SEcHRl oSt 6n-ndy have an -oxygen

partial pgegsuvefgehefednBiyehthanngCkRaa Imgstsatmagph@mengfnayfb93effective
to provide the shell wth a first nodul us of gture strengt h of
65- 80% of CHPREXFHa FOR Shedhgth. f¢ﬁéhﬁﬁrﬁﬁéﬁn§ hergenbii Agafaypoben 2

effecti Vg LQumPL2VEdEohAe B RELENM EN2 §eGOREAnNORBEREREE BT 43k theast 85%

than the first composition.

[0008] In various implementaticns, the heating of the further
strengthening step may be a preheating prior to an
introduction of molten metal to the mold. The first
composition may be more oxidative than the second composition.
The method may be used to fabricate a gas turbine engine
airfoil element such as a blade or vane. The first composition
may consist, in major part (e.g., by volume), of air. The
second composition may consist, in major part, of one or more
inert gases. The firsgst compogition may have an oxygen partial
pressure of at least 15kPa. The second composition may have an
oxygen partial pressure of no mere than 10kPa. The
strengthening may be effective toc provide the shell with a
first modulus of rupture {(MOR) strength of 65-80% of a maximum
MOR strength. The further strengthening may be effective to
provide the shell with a second MOR strength of at least 85%
of said maximum MOR strength. After the substantial removal of
the body, the shell may have a preliminary MOR strength of no

more than 50% of said maximum MOR strength.



of said maxi num MOR strength. After the substantial renoval of the body,

the shell may have a prelimnary MOR strength of no nore than 50% of said
maxi mum MOR strength. 3 [0009] Another aspect of the invention involves a
met hod for investnment casting. Such a casting nold may be forned. Mlten

metal ”E‘Bfoﬁﬁgﬁ ”tprrn Gad ésopdéél;e JPlgye e JR LGN JIREA ., JBY, BE.+ R&Y Bl ted to
solidify. e’ no nmay be “destructively renoved. "I n various
i npl enent.atreensent heatetmer. asuck ef ckheisbembldomay bet fhahkdbeMowtan

threshol d (such as.  1200F) hetween the further _strengthening_.and the
i ntroduct'Fbf oWaYhEeanFﬁﬁgHﬁgglFO[EBEOToiﬂotWE? gepEER Hﬁtgﬁemﬁﬁv8ﬁtion
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coating Tayers are applied to a sacrificial pattern having®a wax first

portion &ndvarsevendmpéemevohatonpei skhg tefparabnyenmefakheAshef damtpdewaxi ng
may renove, a j O ortion,of the.pattern fi ortion and. |l eave, the
Second pBPE| SN PRLR"a SHEPPSPBLARACHGR Pic 288FT ngoFdyers PPhePEthty be a
first heatirBagohehhfigshall thkoihardancthensBel thanfiol esnvRetasi.dues or
byproducts of the wax. This first heating may be effective to provide the

shell wth a first nmodulus of rupture (MOR) strength no nore than 85% of a
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heati ng fleymhagi An anvextaerntngaatimngpheld. aotdet be seeendcheahgngageysbe in
vacuum or an inert atnosphere. The second heating nay be a_ preheating prior
to nol t eA*RefBPLiREr bBuBt FBRTIFAEIALI BRENVDRY BRVERTt A WY BET65-80% of the

”aXi”U”kgE?t§BEeQﬂHha EQ@Oﬁ@CQBQtiBﬁaE%ﬂ?rﬁginger%EEgﬁEb¥ s@chhat pt he
second strength s at |east 85%o0 he maxXi num MOR strength. The first
heati ng sgam dewaxing may remove a major portion of the pattern first

portion and leave the second portion within a shell formed by

the coating layers; There may be a first heating of the shell

to harden the shell and remove residues or byproducts of the

wax. This first heating may be effective to provide the shell

with a first meodulus of rupture (MOR) strength no more than

85% of a maximum MOR strength. A second heating of the shell
may strengthen the shell to a second MOR strength.

[0011)] In various implementations, the first heating may be in
an oxidizing atmosphere and the second heating may be in
vacuum or an inert atmosphere. The second heating may be a
preheating prior to molten metal introduction. The first MOR
strength may be 65-80% of the maximum MOR strength. The second
heating may be effective go that the second MOR strength is at
least 85% of the maximum MOR strength. The first heating may
have a peak temperature between 800F and 1100F. The second
heating may have a peak temperatufe in excess of 1500F. The
first heating may have a temperature between 800F and 1100F
for at least 2.0 hours. The second heating may have a
temperature in excess of 1500F for at least 1.0 hour. The

second portion may comprise the refractory metal core, a



have a peak tenperature between 800F and 1100F. The second heating may have
a peak tenperature in excess of 1500F. The first heating may have a

t enperature between 800F and 1100F for at least 2.0 hours. The second
heating may have a tenperature in excess of 1500F for at |east 1.0 hour.

The  secand.pact Lan.fBY,copLl et he el LagLor ¥ meLal ogrs, aodeooating on

the refractor core Yceram c-coré ecur é o the refractory
nmet al cosecpredr tbothbherapphytogy mE042] cAnet petoaspecthef apbéyiagent i on
involves a nethod for formng an investnent casting nold. One or nore
coating layers are applied to a sacrificial pattern having a first portion

for formrggia) M thotid Ak & SCUUE PRGN JrPr RS0 & mdHdd orbof the
nold. Inafirst step, a major portion of the pattern first portion is

renoved Feawing ahelsﬁeshmepbrcﬁshingjmhﬂd.aosﬁebr florsedoby inbe levatieng

| ayers. ln_a se?ong )! g the shel E %niti ¥ ha%mfred effegtive to
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t han 85?@@ffarmaﬁ§nunm&ﬁa sbﬁanghb.alBe@ohbipdraieﬁ,fbbefaﬂmhhgla further
hardened wi thout substantial degradation of the pattern second portion.

[0013] | RovAAPBUSTi hipPeRehfat LBn3, FiREtnEERABd Aayeberupedtien PabFheate a
gas turbbgstsgg'@grge"pggﬁﬁgn The,R600d SLED:fBY - he Lasant Laklyoper for ned

under an“oxygen part pressure o | east e th step nmay be
essent i awliyhpar foshedll Godeedabyoxiigencpathyalapeessutle afsaaomdretépan 5

kPa. [0014] Anot her as f the inventiogn inyolves a systemfor rmng
an i nvesthenél @iétﬁﬁg Faa?k@aheréﬁeeﬁre ﬁ@@HlVSrtofBFﬁ¥ Seatgﬁeﬁpeg@er

pattern.,Thg HaEEEBE geaniliges rarupydr-acaubrn- Q%?@Hg?ﬁdﬁowhbgeathgkraCtOry
net al - based core at

85% of a maximum MOR strength. In a third step, the shell is
further hardened without substantial degradation of the

pattern second portiomn.

[0013] In various implementations, the method may be used to
fabricate a gas turbine engine component. The second step may
be essentially performed under an oxygen partial pressure of
at least 20 kPa. The third step may be essentially performed

under an oxygen partial pressure of no more than 5 kPa.

[0014] Another aspect of the invention involves a system for
forming an investment casting mold. Means are provided for
forming a shell over a pattern. The pattern comprises a
hydrocarbon-based body with a refractory metal-based core at
least partially embedded in the body. Means are provided for
substantially removing the body from the shell. Meansg are
provided for strengthening the shell by heating in a first
atmosphere of a first composition. Means are provided for
further strengthening of the shell by heating in a wvacuum or a
gsecond atmosphere of a second composgition, different than the

first composition.



| east partially enbedded in the body. Means are provided for substantially
renmoving the body fromthe shell. Means are provided for strengthening the
shell by heating in a first atnosphere of a first conposition. Means are
provi ded for further strengthening of the shell by heating in a vacuum or a
second a er, co ositio fferent th the dddst

CONpPosi t}[gﬁf?g 1%6%%% e%[ r’g) f(S]Jlr?er%or %rjtgordg "&b toédf)%n %nstlon
|nvent|oareaeetsEbrfnrth thethecampeﬁpanglﬁgadtﬁggngﬁdaaﬂetﬂesdesptupﬁlon
bel ow. Clher features, objects, and advantages of the invention wll be
appar ent P#$ 8 t Rl ﬁEsé??EFF%ﬁ'aﬁHJEFEﬁnn@%d adKenFreRtt RE EPSi ns. BRIEF
DESCR'PTtEbEEElJHEWEE%MﬁeGﬁbeQQQL FL-Gn éhésdes&£9pehéﬁtaﬂa araw&ﬁ% ghol d
nanufacturlng process according to principles of the invention 0i71 R G
2 is a fhpdchartn bheacsetwad nol d manufacturing process accordlng to
principles of the invention. [0018] Like reference nunbers and desi gnations
in the various drawings indicate |ike elenents. 6 DETAI LED DESCRI PTI ON

[0019] FIG 1 shows an gxenplarycrebhoo 20F fone fopawngzan i nvest nment
casting nold. One or nore netallic core elements are forned 22 (e.g., of

refract ol §0kel alf Gucdh idgs andl et eind diistumbhd Stadnpiay Wilhs her wi se
cutting EE?H&§Qe§Ec8§&§£% tsnﬁriﬂétsﬁeél?fSBhéa§£§e§8§Bh”9 materi al s include

silica, um na roma, nmu te an nia. Preferably, the
coeffici €00101 tHier. e iexpansiorcH(EE)obla tdearel madidmanudaiumingy t he
coating are simlar. Copatings may be_applied by,

process according td prihciples of the’ invention.
[0018] Like reference numbers and designations in the wvarious

drawings indicate like elements.



any appropriate technique (e.g., CVD, PVD, electrophoresis, and sol gel
techniques). Individual |layers may typically be 0.1 to 1 m!l thick

Metallic | ayers of Pt, other noble netals, Cr, and Al nay be applied to the
nmetallic core elements for oxidation protection, in conbination with a

ceram c coating for prOteCtI%@TfﬁQ@ﬂﬂﬂégﬁﬁ erosion and di ssol ution
[ 0020] One or nore ceram c cores are al orned 26 (e.g., of silicain a

nol di ng 400d18] r iFig: .priocEssys meammpﬁma/ ofetthrel Ddtced fetraidg carcor e
el enent s, %hereafter refractor cores (R ii are assenbled 28 to one

or rore V?ﬁEmEBFaﬁ?EtlB%rQQXdTh HEOPE WRLBMBFY A S 1EhERTEVEFRBFEET 30 with

an easi | yresasrihbbced matgriabrsuehrastar aﬁétahsoéu§ManethyB@énﬁﬁ g.
Vi a pIaC|n8 the assenbly in a nold and nolding the wax around t). Ther e
[

may be nangi piebsuehbisseabpias pPrvorLlegwigeacytveny AisPu. SP@@Qlwetﬁé
OYer”D'dsggc8r§t88552b'¥u£8 QrOHBaQEngsﬁgﬁgkhgiéth£8ex Srsﬁﬁihhng pattern

Wi th an exterior shapé ar ge Corres ape of the

part to beumaish, zTheopakteenrBhAyat henlbetassrabhednld.t orarfskeblling fixture
(e.g., via wax meldlng betmeen end plates, of the flxture The Eattern may
then be 5hel FeafBicisny. ofyihesnalorxRaRaispadesE) onsFBﬁr§Eéras REY slurry

Sprayi ngm.phL1the 'tﬁé)co$£ﬁﬁg %Q t%ﬂ?hk 'SCBHEH??Hpmaktbstr Eﬁlgﬁ'ﬁ g 36.

The dryi ng provi es t he east sufficire gth or - ot her
phy5|calanynapgropylptepéethesqﬂe fergii Subsefubnt epeotesphngesker

e, t L conta d b
@ cavsonBlBa°38 BHH CCRRLAREPLY | PRLBRIEAL CREPFPnGovt FXPAFELARAPPhen

transferped 48 tona1denaxg! ﬁ@tgllla steapy adt oel a¥eher! Aobhe fewaxer, a
st eam dewax process 42 renoves a
Cr, and Al may be applied to the metallic core elements for
oxidation protection, in combination with a ceramic coating

for protection from molten metal erosion and dissolution.

[0020] One or more ceramic cores are also formed 26 (e.g., of
gsilica in a molding and firing process). One or more of the
coated metallic core elements (hereafter refractory metal
cores {(RMCs)) are assembled 28 to one or more of the ceramic
cores. The core assembly is then overmolded 30 with an easily
sacrificed material such as a natural or synthetic wax (e.g.,
via placing the assembly in a mold and molding the wax around
it) . There may be multiple such asgemblies involved in a given

mold.

[0021] The overmolded core assembly (or group of assemblies)
forms a casting pattern with an exterior shape largely
corresponding to the exterior shape of the part to be cast.
The pattern may then be assembled 32 to a shelling fixture
(e.g., via wax welding between end plates of the fixture). The
pattern may then be shelled 34 (e.g., via one or more stages
of slurry dipping, slurry spraying, or the like). After the
shell is built up, it may be dried 36. The drying provides the



maj or portion of the wax |eaving the core assenbly secured wthin the

shell. The shell and core assenbly will largely formthe ultinmte nold.
However, the dewax process typically |eaves a wax or byproduct hydrocarbon
residue on the shell interior and core assenbly. [0022] After the dewax,

t he sheII trapsferr 4 L0oc@n L herl furna grntaining air
or ot her %??%lZlﬁ% g%t%%g% e%g lClg QDEBI?H?S h%gtggﬁi% P%YSI |?st peak
tenperatMheegﬁﬁtyoprapértsésttﬁePdwmatlgﬁbgéﬁﬁéhtvprbeesp&ﬁgtrebgthen t he
shel | . The heatingB46 naiéalso renpve any . remaini_ng wax reS|due (e.g., by

vapor | zaPFeWBLaNdLBF SBBMYoFETASLRYBPOLAFbOFVFEEPELECFE BSPEBRLYONSHen in

the atMBEpheEssEeRsl sq"s s hileyCaELRArEoal PyMEearbeRedLaXdeng Romoval of
the carbon 1's advantageous to avoid the carbon clogging the vacuum punps

used in §ubSBqaeﬂndsthgestuan86peraﬂ|@ﬁ tﬁhasdbwaneng(@fg ofatheeamrbon nay
be genera cOi ﬂ %anth oxi dation associ ated w

e ' dfd
advant ageBhoSCprést r e fi AG"8Ehe® sﬁE?Fm ﬁwg§eﬁﬁP5?§S B eEFPSHSFh8n|ng

prOVIdesmB@@ergktl@htBfathéaﬁhkomegblththél&bﬂatasé@mgly tBeumrayi mum
fully-fired) nodulus of rupture &N(IQ strength 50-90% nore narrow y

60- 85% oribBigouhe shedltypheaphs élanﬁaﬁérﬁaﬁésemthswﬁ91pﬂéé9?é¥ general Iy

associ at g3 &IEthufElﬁa% gﬁﬁiétuﬁﬁvg¥e9t Lg ee%%%gEFE8es§ §§Eé&i? of at

| east oné hour as essen y fu |r(ng to ac VE es entially
maxi mum MeRvekr engbh. oknbopraanctphadrbearbbr sbelluksonachtashedliat | east
generally isothermal for at least this period. This may represent an

i ncr easePFBHTBTWRRE BEEFBWABE9FBEYul ti mate MOR strength in the rel atively

green state i medi ately post-dewax. The pre-harden tenperature

[0022] After the dewax, the shell is transferred 44 to an
atmospheric furnace (e.g., containing air or other oxidizing
atmosphere) in which it is heated 46 to a first peak
temperature and for a first time duration effective to
prestrengthen the shell. The heating 46 may also remove any
remaining wax residue {e.g., by vaporization) and/or
converting hydrocarbon residue to carbon. Oxygen in the
atmosphere reacts with the carbon to form carbon dioxide.
Removal of the carbon is advantageous to avoid the carbon
clogging the vacuum pumps used in subsequent stagesg of
operation. This burning off of the carbon may be generally
coincident with oxidation of the shell associated with the
advantageous prestrengthening of the shell. An exemplary
prestrengthening provides the shell with a fraction of its
ultimate (e.g., the maximum fully-fired) modulus of rupture
(MCR) strength (e.g., 50-90% ,more narrowly 60-85% or 65-80%).
For typical shell materials, industry practice generally
asgociates firing at a temperature of at least 1500F for a
duration of at least one hour as egsentially fully firing the
shell to achieve essentially maximum MOR strength. In common
practice the shell is maintained at least generally isothermal

for at least this period. This may represent an increase from



i s, advantageously, sufficiently low, in view of the oxidizing nature of
the atnosphere in the atnospheric furnace to avoid substantial oxidation of
the netallic core elenent(s). Despite the presence of the protective
coating, oxidation is still a substantial potential problemdue to the

presenceWgFI HE§5905§%kéfaEgF9@59éiMMR'gtEQﬁ EBaEh”EheC%EQQE Qa16an produce

coating delamnation or ot amage and sur face i rregul aritieslon the
nmet al | i cgreen. sEb&ElmgmddmagelpapoatFdamaxapmhezpreehaoﬁenhEempEahtpaecore

el enents,at t sequent ., cast | enper atures and/ . or ¢tions
between LRe “QLRRFAGeaRPLY. aRUCEAGLRREATI FEWeoH Ul ENerts ERBUPRE 170
irregul apkties eausrd Bymbbgh@xédahlenenaymogphégﬁa FQpRhckmper hestions in
the associated interior surfaces of the cast part -_a particular problem

where fifebfeantias axédpeing oforhedmeThélégenprar glpugRtprehaPgenite

f
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about 3. BubeuastihD0R@3feAttal phebpemhdudenonghet beegehdemay be renoved from
t he atnospheric furnace, allowed to cool, and |n58ected 48. The nold may be

seeded 5B1BYOPFackAgaBINBPAPFLEYsaBdEPR FRAEIAGE dOK4985EaBI F8R PREILFRI nat e
crystal é&éﬁthr&e9£m§ngt58ﬁtbenekhxrsaghggé'sﬂd(gﬁ%fgeét'ng or a

single-crystal 7(SX) <casting. Nevertheless the present teachings may be
appl i ed nureguherlEEEandnSXheameta@luechqrquego@elgg,dahegelmayhelihwlI

geonetry defines ai.n_sel ecto 4.or to castin tg rostructures.
A Lor nat FOBPELERhaofoh o MSGELHAE FBFE RAGMeHESt PRncher PRHTSS (o a
casting tUppagheh€- 8astPhgcedmpbeRtareshhhli/pbat echbttBasf vengeeh. thhe
casting furnace be punped down to vacuum 54 or charged with a
non- OX|dFEEhgngtﬁ%¥9heﬁéd the metallic core elements. Surface
irregularities caused by the oxidation may, in turn form
imperfections in the associated interior surfaces of the cast
part - a particular problem where fine features are being
formed. The exemplary peak preharden temperature is less than
1150F (e.g., 800-1100F) for a preharden time of 2-4 hours. An

exemplary preharden temperature and time is about 1000F for

about 3.5 hours.

[0023] After the prehardening, the mold may be removed from
the atmospheric furnace, allowed to cool, and inspected 48,
The mold may be seeded 50 by placing a metallic seed in the
mold to establish the ultimate crystal structure of a
directionally solidified (DS) casting or a single-crystal (SX)
casting. Nevertheless the present teachings may be applied to
other DS and SX casting techniques {(e.g., wherein the sghell
geometry defines a grain selector) or to casting of other
microstructures. Alternatively, the mold may have The mold may
be transferred 52 to a casting furnace (e.g., placed atop a
chill plate in the furnace). The casting furnace may be pumped
down to vacuum 54 or charged with a non-oxidizing atmosphere

(e.g., inert gas) to prevent oxidation of the casting alloy.



(e.g., inert gas) to prevent oxidation of the casting alloy. 9 The casting
furnace is heated 56 to preheat the nold. This preheating serves two
purposes: to further harden and strengthen the shell (e.g., by at |east 5%
nore of ultimate MOR strength); and to preheat the shell for the

| ntroducty, caQE%Hg'ESPP$EEO¥iéReQ 8&65% E? ?Eeaﬁglﬁreﬁﬁﬁgre

solidification o cor rngly t enpérature and
durat|onpaeheadyagtageoeslywsupﬁrpoees t bo Subsheﬁthakﬁgnfanaher harden t he

shel | above its rehardeﬁ ? ?ondltlon This nay_j nvol ve Elnierln of the
ceranic 55¥?F%F N WRenPRet ke (ShEkr . PRITANL §3BbUS® MAREPsOf nU %&@% ©of 85%

and ”Drﬁoﬁaéﬁkéﬂbﬁﬁiy ah8 @50§§éh8£t99h8rsﬁé?@ofoy|Eh@aEﬁtWEBuctIBhS nmay be
achieved with a preheat tenperature of at |east 1200F, nore particularly,

at IeastOi4mOFt&nthléQYeR@npraV?ntptbhém@ltehp@ka@nﬂep@émabUﬂE 1600F.

Exenpl ar LnMes .a teI one. hou e.q.,0.25-4.0 hours,
more” nerebuyt t6rba 08 S ge nt fe e R B TR e S Do ke T RBehRaf oni o auil |
under VaﬁéMﬂer@ﬁﬂéthﬁﬂsdufﬁelﬂﬁ|&E@ ablr et h§epaul ¢dsh8ripientheonol d and

the nold is allowed to cool to solidif% 60 the alloy (e.g., _after
wi t hdr anallsEaRt taelyufFnaeBerohaygnB) thar sbel lsabpues i Bat PoRDarABNGdcuum may

be brOKGBoﬁﬁléﬁgnth@ g héﬁdlnGBFQerSHH¥891§§ %g ?%&hSeEQEEEQ%F%gFBgQS The

shell ma enove I'n a deshelling proces .g., Mec reaki ng

of the shethinanﬂethhembreAdsaenhgyonennaedlsnla drceskengf pE%ceaadGB (e.qg.,

a chem cal ocessg %ﬁ ﬁeave a cast ar%acle recursor of
e 371

t he uItiWﬁF BaFEys Cast? Gftrcfe® ﬁobﬁrnﬁéﬁlﬂgdugglméﬁgnwggrly and/ or
thermal | ¥hi kT @&l ede 72cANEvEQaLEHN T4 bPchOLM LBRpELLETRECORARE - 1east

1200F, mcre particularly, at least 1400F with an exemplary
preheat temperature of about 1600F. Exemplary preheat times
are approximately one hour (e.g.,0.25-4.0 hours, more

narrowly, 0.75-2.0 hours).

[0024] After preheating and while still under vacuum
conditions, the molten alloy is poured 58 into the mold and
the mold ig allowed to cool to solidify 60 the alloy (e.g.,
after withdrawal from the furnace hot zone). After
gsolidification, the vacuum may be broken 62 and the chilled
mold removed 64 from the casting furnace. The shell may be
removed in a deshelling process 66 (e.g., mechanical breaking
of the shell} and the core assembly removed in a decoring
process 68 (e.g., a chemical process) Lo leave a casit article
(e.g,. a metallic precursor of the ultimate part). The cast
article may be machined 70, chemically and/or thermally

treated 72 and ccated 74 to form the ultimate part.

[0025] FIG. 2 shows an alternate version 100 of the exemplary
process wherein like steps are shown with like numerals. The
alternate process, however, separates the firing from the

preheating. Thus, after the inspection 48, the prehardened

10



[0025] FIG 2 shows an alternate version 100 of the exenplary process
wherein |ike steps are showmn with |Iike nunerals. The alternate process,
however, separates the firing fromthe preheating. Thus, after the

i nspection 48, the prehardened 10 nold is transferred 102 to a

nonat nospheric furnace which may be separate fromthe casting furnace in

whi ch cagblagissubsagientky 002UESs. aAhbRAthEBPEELLc FlienAeBalvABSAhREKLC
furnace nay be punped down 104 to vacuum (and/or charged with an inert

at nospheP® SGRATA5Sal FEBI ENGas28F 1RExEUFBAC Rt BoVICHAPREF e punp down,
the mol d./BYcHE-LE1§doL06,aL ArcbenpeLaLyee apdedhbakipBsghallar to the

preheat 56. After iring, the vacuum nmay be broken 108 (or 1 nert atnosphere
ot her wi séuyveatedpamndet hempetiddpenoied téOvashter (&hd/penvhalrgedt etk may be

b t_i ti 112, t ddi t | I i ng, d
The 11 keonTHEPER! RErOSPHETfoPHCRGY® BenSaoHea-1147 ali t hars FUFFERT 116 fo t he

casting ABfAACEhe ApuREMAoHAWthEBmBBY REySHE FareliO1bBegpugp down 54. A
preheat 120 may be simlar to the preheat 56 or nore abrupt as the firing

functi ont@inperagureeasd furgeiyn simeddy haveheakemhepkabé. POO2B] One or
nore enbodi nents e t,.LNn Lon v b e I
hbverthe?gggﬁgfttﬁ%lnggaﬁnﬁggsP%o%%ghgﬁ lggr?853§ﬁ§5?f?gé#?gﬂgrﬁaybe made
wi t hout deparwipg frenteiheandpthiet mabd seapeeaf 1the Abfvept tas. rEavveXanpl e,
the principles may be inplenented as nodifications of existing or

yet - deveFBpEd PRBCEBSsBsSHRSRANERTCABEBSFhOSE pf deeb8BROWBLYdStPRPREence or
dictate panafeLALS gﬁoéggsﬁﬂﬁ|eHEHtEhéoﬂikeécﬁﬂé9599£¥r,OEH@rm%ﬂﬁoﬁhyﬁntS
are within the scope of the ~follow ng clarms.

be seeded 114 and transferred 116 to the casting furnace. A

pump down 118 may be similar to the pump down 54. A preheat

120 may be gimilar to the preheat 56 or more abrupt as the

firing function will, at least largely, already have taken

place.

[0026] One or more embodiments of the present invention 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 implemented as modifications of existing or
vet-developed processes in which cases those processes would
influence or dictate parameters of the implementation.
Accordingly, other embodiments are within the scope of the

following claims.
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11 CLAIM5 What is clainmed is: 1. A nethod for form ng an investnent casting
nold conprising: formng a shell over a pattern conprising a

hydr ocar bon- based body with a refractory netal -based core at | east
partially enbedded in the body; substantially renmoving the body fromthe
shell; strengthening the shell by h%ﬁh&@% ina first atnosphere of a first
conposition; and further strengthening the shell by heating in a vacuum or
second awhaspherelaimadsésond conposition, different than the first
conposition. 2. The nethod of claim1 wherein: the heating of the
strengthening is substantially at 800-1100F; and the heating of the further

strengt heni ngai feHBat 88F1 8bk¥ingt aA49Rvd 80RENt 3cadbensgehBed of claim1
wherein: the heating of the further strengthening is a preheating prior to

an introdgeproaing:nolten nmetal to the nmold. 4. The nethod of claiml

wherein: said-fir C rtion_is [ xi.dative.than said second
conposi tion. E?rﬁgégnégﬁgéi%fggngﬁ] aﬁ%%ﬁntgo?gﬁ%ﬁéggega gas turbine
engi ne turbi-beadbbhobhselieppal,. whthThergaetrhotdool akaklm-bawvkar ece kbe first

cOMPOTt 00 £ONSLE 11D IR LaoLnd frad?
gsubstantially removing the body from the shell;
strengthening the shell by heating in a first atmosphere
of a first composition; and
further strengthening the shell by heating in a vacuum or

gsecond atmosphere of a second composition, different than the

first composition.

2. The method of claim 1 wherein:

the heating of the strengthening is substantially at
800-1100F; and

the heating of the further strengthening is substantially
at 1400-1600F.

3. The method of claim 1 wherein:
the heating of the further strengthening is a preheating

prior to an introduction of molten metal to the mold.

4. The method of claim 1 wherein:
gsaid first composition is more oxidative than gaid second

composition.

5. The method of c¢laim 1 used to fabricate a gas turbine

engine turbine airfoil element.

6. The method of c¢laim 1 wherein:

the first composition consists in major part of air.

12



7. The nethod of claim6 wherein: the second conposition consists in mjor
part of one or nore inert gasses. 8. The nethod of claim1l wherein: the
first conposition has an oxygen partial pressure of at |east fifteen kPa.

9. The nethod of claim8 wherein: the second conposition has an oxygen
partial pressure of no nore than ten kPa. 10. The nethod of claim1 further
conprising: fully enbedding the refractory netal -based core in the

hydr ocar Bon- basedmbbdygd &f. cThémnet kibdrefinel ai m 1 wherei n: the strengthening
is effective tg provi de the shehﬁ with a éirst nodul us o; rgpture MOR)
strength of 65°80950P"% CHERPRUM RER"SEPERGPhI 2 ald) PhePPart Rér “BFr BRgt heni ng
is effechbre tQeproyhdscthe shell with a second MOR strength of at |east
85% of said rmaxi mum MOR strength. 12. The nethod of claim 11 wherein: after
said substantially renmoving, the shell has a prelimnary MOR strength of no

nor e thag_SO%%gé agkﬂ?@?ﬁ%ﬂgﬂhikgﬁgﬁﬁ%ﬁggﬁb' 13. A nethod for investnent

casting conprising: an inves casting nold as in claiml
i ntroduci ng nohtefiaetatoipotheionl Haspennokigag phetimlt emepetiak bd

olidify; and 13 tructj vel renoving the nold. 14. The nethod of claim13
ahe:e:nYat least gg%tegn kga.y ving !

9. The method of c¢laim 8 wherein:
the second composition has an oxygen partial pressure of

no more than ten kPa.

10. The method of claim 1 further comprising:
fully embedding the refractory metal-based core in the
hydrocarbon-based body.

11. The method of claim 1 wherein:

the strengthening is effective to provide the shell with
a first modulus of rupture (MOR} strength of 65-80% of a
maximum MOR strength; and

the further strengthening is effective to provide the
ghell with a second MOR strength of at least 85% of said

maximum MOR strength.

12. The method of claim 11 wherein:
after said substantially removing, the shell has a
preliminary MOR strength of no more than 50% of said maximum

MOR strength.

13. A method for investment casting comprising:
forming an investment casting mold ag in claim 1;
introducing molten metal to the mold;

permitting the molten metal to solidify; and

13



a tenperature of the shell does not fall bel ow 1200F between the further
strengt hening and the introducing. 15. A nethod for form ng an investnent
casting nold conprising: applying one or nore coating layers to a
sacrificial pattern having a wax first portion and a second portion

conprising a &8&E?ﬁ&95¥e¥?t95m8?5§ﬁeﬁhgaﬂbgﬁmax'”9 of the coated pattern so

as to renove a nmjor ion o pattern first portion and |eaving the
second portion within a sheII formed by the coating layers; first heating

the shel|l to harden # E i and rempve resi dues or byproducts of the wax,
the first*heatig™Be ﬂg fFERLTVE3t BPBFEURde the shell with a first nmodul us

of rupture (éﬁE@m?éf&BﬁkQ Be fREeghBan §8%0hof HBI&”E@EB@R1§bb@n9th and
second heatin he shell to strengthen the shell to a second MR

strengthbenﬁeeﬂhbhﬁethﬁah@r sraenoibenhegebnd the intspdh@angng isin an
oxi di zi ng at nosphere; and the second heating is in vacuumor an inert
at nosphere. 17. The nethod of claim 15 wherein: the second heating is a

preheating. praohetBoiDEbentaeinehg hAt ipdestment &8stThe metbod of claim 15
wherein: the first MOR strength is 65-80% of said maxi num MOR strength; and
t he secofMREAFLAG:is effective so that the second MOR strength is at | east

85w of said b IYMACRS! pEngbhe 14alnaThe HELNEd of sgkolmydsatherein: the

first heatin tenperature
pattern having a wax first portlon and a second portion

comprising a refractory metal core;

steam dewaxing cf the coated pattern sc as to remove a
major portion of the pattern first portion and leaving the
gsecond portion within a shell formed by the coating layers;

firet heating the shell to harden the shell and remove
regsidues or byproducts of the wax, the first heating being
effective to provide the shell with a first modulus of rupture
(MOR) strength no more than 85% of a maximum MOR strength; and

second heating of the shell to strengthen the shell to a

second MOR gtrength.

16. The method of claim 1% wherein:
the first heating is in an oxidizing atmosphere; and

the second heating is in vacuum or an inert atmosphere.

17. The method of claim 15 wherein:
the second heating is a preheating prior to molten metal

introduction.

18. The method of claim 15 wherein:

the first MOR strength is 65-80% of said maximum MOR
strength; and

the gecond heating ig effective so that the gecond MOR

strength is at least 85% of said maximum MOR strength.
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1100F; and the second heating has a peak tenperature in excess of 1500F.

20. The nmethod of claim 15 wherein: the first heating has a tenperature

bet ween 800F and 1100F for at |east 2.0 hours; and the second heating has a
tenperature in excess of 1500F for at least 1.0 hour. 21. The nethod of
claim 15 wherein the second portion conprises: said refractory netal core;
a coating on said refractory netal core; and a ceram c core secured to said
refract ot §.neThé werkodpriorclaomt hé whprkging. 22. A nmethod for form ng an

i nvestnment casting.nold__conprising:. applyjng one or re coati | ayers to
L saer T1ci al CbattEPh ReSPABOanr Py 2  DRBH FBAERbrE Rbr PRy “ESoP A BFortiSand a
second potbben £Ag formng a portion of the nold; a first step for renoving
a major portion of the pattern first portion and |eaving the second portion
wi thin a shel Fhef gegerdblephéngohffng Pagkr sempesabBre silepXF6FES| ALt al
hardeni ng-gfthe shell effective to provide the shell with a first nodul us
of rupture ?N(Iﬁ strength no nore than 85% of a maxi num MOR strength; and a

third step for further hardening of the shell w thout substanti al
degradation of theagattern second_portion, 15 23. The nethod of claim 22

used to £3bri EAeM3tHae PhrBiAeT eRgI'RBTEoRponent .

the first heating has a temperature between 800F and
1100F for at least 2.0 hours; and
the second heating has a temperature in excess of 1500F

for at least 1.0 hour.

21. The method of ¢laim 15 wherein the second portion
comprises:

gsaid refractory metal core;

a coating on said refractory metal core; and

a ceramic core secured to sald refractory metal core

prior to the applying.

22. A method for forming an investment casting mold
comprising:

applying one or more coating layers to a sacrificial
pattern having a first portion for forming a mold void and a
second portion for forming a portion of the mold;

a first step for removing a major portion of the pattern
first porticn and leaving the second portion within a shell
formed by the coating layers;

a second step for initial hardening of the shell
effective to provide the shell with a first modulus of rupture
(MOR) strength no more than 85% of a maximum MOR strength; and

a third step for further hardening of the shell without

gsubstantial degradation of the pattern second portion.
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24. The nethod of claim 22 wherein: the second step is essentially perforned
under an oxygen partial pressure of at |east twenty kPa. the third step is
essentially performed under an oxygen partial pressure of no nore than five
kPa. 25. A nethod for investnment casting conprising: formng an investnent

casting gpld @l eEhSh”b%zézlakHtFQ%%EE%B"%&%&HEE@' atg the, ol e
permtting the nolten netal to solidify; and estructrv Fy renovi ng the

i nvest neatgtast cagponedt . 26. A system for form ng an investnment casting nold
conprising: neans for formng a shell over a pattern, the pattern

conprising a hydrocarbon-based body with a refractory netal-based core at

| east paghi al Tyeebeddgdsencti henbodywnharans.for substantially renoving the
body fromthe shell; neans for strengthening the shell by heating in a

first atnosphkeesefondfgrep tenpesentoallundentanwefonnfgrt har oxygen
strengt heni he_shel| by heating_.in_.a _vacyym or second atnosphere of a
second c%ﬁ%gg?ii ﬁ?sﬁP¥?e¥£n £ ?ﬁ%ﬁEtEge?FYSEH%Onposition. 16

the third step is essentially performed under an oxygen

partial pressure of no more than five kPa.

25. A method for investment casting comprising:
forming an investment casting mold as in claim 22;
introducing molten metal to the mold;
permitting the molten metal to solidify; and

destructively removing the investment casting mold.

26. A system for forming an investment casting mold
comprising:

means for forming a shell over a pattern, the pattern
comprising a hydrocarbon-based body with a refractory
metal-based core at least partially embedded in the body;

means for substantially removing the body from the shell;

meansg for strengthening the shell by heating in a first
atmosphere of a first composgition; and

means for further strengthening the shell by heating in a
vacuum or gecond atmosphere of a second composition, different

than the first composition.
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