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 comonly used

t echni que for MEGHRDEg Fe& MANUEACTMEIAEN tISTVEDAMG T diRs TBNQ) RS es,
especially holl ow conponents, and is used in the fabrication of superall oy
gas turbine engi ne conponents. [0003] Gas turbine engines are widely used in
applications including ai BHCKIRQUNIDWESITHE, VENTIGN power generation, ship

propul sion, and punps. In gas turbine engine applications, efficiency is a
prime obj0oQ e.gT%OBQTeFﬁ%Pﬁv€8EGE§StEPbFﬁgegggﬁﬁE EPFELPEncYoCEn be

obt ai ned k¥ ;eRAKANIY tHe NiBRSI: ISR BIE LS o NIRVS NS &kt PRgT ati ng
tenperatures in the turbine section exceed the nelting points of the

super al | oyeimat eoilalss hastidid rigidaleleompeaent s. Consequently, it is a
general practice to provide air cooling. Cooling is typically provided by
flowng relatively cool air fromthe conpressor section of the engine

t hrough pas9RgesInhvestiientuchsieéngoiponeabambalbeugedl edchiueiiec@ehi Ng cones
with an associated caost in engine efficiency. Consequently, there is a
strong déSTENSD RIS SRR SHEEFTING GORIRE ISR ¥$Hg t he amount

of 0oL i neienehitty ehaled: Sho ahl velha AIPUNe 000k Neb Bl MY be

obt ai ned by the use of fine, "precisel ocat ed, cooling passageway
sect i ons.of] GaQEraA lwet IgedeveliGpiet: fered ihexistsonayas di ng t he i nvest nent
casting of internally-cool ed turbine engine parts such as 1

C" [0003] Gas turbine engines 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
i; from the compressor section of the engine through passages in
the turbine components to be cooled. Such cooling comes with
an.associated 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 cooiing 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 internally-cooled turbine engine parts such as



bl ades 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 process for preparing the nold involves the use of
one or nore wax patterns of the part. The patterns are fornmed by nol di ng

wax over bbaéﬁ$candregngsneﬁalhy eaemeipumdPMQCEesposimb&dsi@fpmﬂparembling
passages wthin the par roce a ceraghp shell is forned

around ong> X?HﬁnogesughmﬁaFt@Pig CSVl %F ko SP&gﬁPgn &RWax may be

renoved sgeheaslby oekieBgontiingntautbel puer ThebehebktmBynbexdenfad 0
strengthen the shell. This |leaves a mpld conprising the shell having one or
nor e partPH@F?ﬁFn§°€oﬁﬁ§PﬁﬁéﬁBstﬁﬁl@ﬁldlHnyeﬂﬁescéﬁﬁapﬁetﬁé OBEr &F FOF6r e( s)

defi ni ng &Qﬁ Ql:égﬂsp8§5§ﬂ@5 w.tgﬂeabge 2t y3&g6§o%e “%%ﬁ% P the

nold to cast e part(s Upo cool I ng an ying o alloy,” the
shel | andwesreveamycebemiechanesabkeyeandlyr comerbpahby ngemov edsfitdmetshe £

nol ded paét(s%. The arté é can bhen e machi ne and/gr gteated in_ one or
more stagbs® f Bb%TgT 8SE8FERI ¥ 1EOIMBs "l ReRBEFFes IRad BESLIrR8d PS5 Sdi ng a
mxture of eeramie BAWIEr iandokimBderrfBhar bak By mbBrecktuls LR te¥nd Uke into
har dened netal dies. After renoval fromthe dies, the green cores are

t her mal | ywpbst kppweessshies - r@hﬁvyaﬁh@aYbbﬁdéﬁm@ﬁédfsp@ 25 §Whﬂ@ﬁtﬂwg

ceram ¢ p?ﬁ“& &898&?8 Thee Eh%ﬁ? &Qﬁabg 1peh €80k E%%ng%%ﬁ has taxed

core nmanu urring |ques ures may
nanufactusheamd/mh;someeveanafmoﬂdredmpma$1pgothefshgauehavﬁm@mnmbyca55|gned
co-pending U S. Patent No. 6,637,500 of Shah _et al. discloses various
qganples @@rg E@FEW@@féﬁ&“ﬂe?PQ@?SFVenﬁﬁtHPlEBrelEoﬁHFﬁatF@HtaV§r|@ﬁs

fract or Yo pPBLALScoP@WBYCHefining 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/or chemically removed from the molded
part (s). The part(s) can then be machined and/or treated in

one or more stages.

[00061 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 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 technigues. 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 cores and, thereby produce

potentially umnsatisfactory part intermal features.



tend to oxidize at high tenperatures in the vicinity of the tenperatures
used to fire the shell. Thus, the shell firing may degrade the refractory
nmetal cores and, thereby produce potentially unsatisfactory part internal
features. 2 Accordingly, there remains roomfor further inprovenent in such
cores andatherdimgbuf achetiengetedius ques. TSUMINRY ek Tikp dd\NhWEMEItON 1] 0007]

One aspect of the invention.involves met hod for , formng an invest nent
st ng mBPER BOZREI Aifls PG leBVERch IS CATTEU A ny a

hydr ocar bon- based body with a refractory netal-based core at | east

partially enbedded in the body. The body is then substantially renoved from
the shell. The shell s stre%@‘ﬁl‘%?éd)%y HeatNYENTHOR first atnosphere of a

first co Lti T | L ci u e Lng.L.n a
vacuum or @gggid%erms ée‘?% é(’) ghése%%ﬁ%%%%oﬁ?gﬁ‘?gd%‘%?%? 9? an the
first congesingnan| QA08Etimentrariaeis ngrplcdenttatdhels, itshef dwadd ngreaf & he

further strengthening step may be a preheatin rior to.an IIl_introduction
of ol { enBREESFDL GOMRELAGRE. SThY SoRe DoTo RS RS il b Hrof e KRR ve

than the geeand,aaEROSLROR: 1ER@tTRIhed 4TBY, Reweeritd o alid apds, a2 was
turbine engine airfoil elenent such as a bl'ade or vane. The first

conposi ti badymay tbevi subsitantdjadd ypaemouedy frasy thsl @l of The rshefife
second conposition onsi st .. jor rt,. of one.or _ nor i gases.
The first *Eo %556993%%}6%%%%?/155‘5%@1 yger %grrtgltalatmﬁrs 25h%e B aatﬂl%e%tst

15kPa. Theompeendieanpaict ishie1May shave-tdizr @teelyaiddlbpriessiiey ofn o
nore than | okPa. The strengthening nay be effective to provide_ the shell
mfth a vacuum or second atmosphere of a second composition, different
A

than the first composition.

f[0008] In various implementations, 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 gasesg. The first composition may have an oxygen partial
<;. pressure of at least 15kPa. The second composition may have an
oxygen partial pressure of no more than 10kPa. The
strengthening may be effective to 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.



first nodulus of rupture (MOR) strength of 65-80% of a maxi nrum MOR
strength. The further strengthening may be effective to provide the shel
with a second MOR strength of at |east 85% of said maxi rum MOR strength.
After the substantial renoval of the body, the shell may have a prelimnary
MOR strendfh08l doothae aspertt09s ofhs al nivermixi omnd MORL vt s eagindt h@d[ 6009

Anot her aspect.of the_inventign involves.a nethod for. investnen sting.
Sich ' catlTRBENETE RRY Ha5roPNEl SNGrEeA TohDPAr Y BS TSIl T ne

nmol d. Them&ohlemnagebal ifmBycHacedertd thedmbadsolmihe fsl tEie el ey be
destructively rempved. |n various inplenentations, the tenperature of the

shel | doeBSTHROFEFEI FObEPOW A T hr S0P TEN &8 FEEGFMVeiireh TFOESTt her
strengt hepj,ng,andykhembIEhRAUekl @R <Of t’#%ﬁ s R tiRlAlr (ORI YnANOt RIS

aspect of the invention involves a nmethod for formng an investnent casting
mol d. Onenot feilé bedbiwng thyesdoldr dsaghl ibed 126 0F ) s dativderi dhgdiveher

havi ng a X first _portio d a_secaond _portiqQn _conpri.sing refractory netal.
A stean1g@ﬁﬁ??%éeﬂgygr%ﬁgvgﬂg &E%&P 8Fﬁpgn0§ftﬁﬁggﬁﬁﬁfggﬂmgf? t portion
and | eave the second portion within a shell fornmed by the coating |ayers.

There may be a first heating of the shell to harden the shell and renove
resi dues &POBPHr JRtheHfaspret vk, thmi tnYerkionehryagvatyabecbhrdcfPle to

provi de t ael | ; Lt st haru r e
Phan 8596 SF 3 Re T i TR S T eRgeh. X S heating o T anel 11 ey
strengt hearthepphéket to a secondiMIRlstpraengidn he®0ihy a wararfiiots:

I npl ementations, the first heating.may be in .an oxidi zing at ngsphere and
t he seconBOHEéPPnanﬁa? SECPH%CPP§%&GH1SPmEﬁlﬁﬁgﬁtIﬁ#ﬁﬁ§ﬁﬁ%§éﬁl sdtond
ting NBYechR 8ewaxing 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 resgidues or byproducts of the
wax., Thisg first heating may be effective to provide the shell
with a first modulus 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 implementationé, 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 so 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



preheating prior to nolten netal introduction. The first MOR strength may
be 65-80% of the maxi num MOR strength. The second heating may be effective
so that the second MOR strength is at |east 85% of the naxi num MOR
strength. The first heating may have a peak tenperature between 800F and
1100F. Theostitmmdon helati ngfmaythayematpbakotrenpandt ar eeiraméxcesseof 1500F.

The first heaténg%n@% havg a ge erature between SOgF ?gq 110EF. for at
| east 2. CCFOUTST TRhe“SecHha™RELTT Hg™E] haVeTaPr t8hp&Pat-tife PR €% E8ss of
1500F for at least 1.0 hour. The second portion may conprise the refractory
metal cor a 4 coating on the refractory netal core, and a ceramc_core

e
secur ed tbéq:h%]. r SPCAAEET PARAA ordpriThientd e B R MgoEaR] Aot her
aspect Of i@ b V§HtiH@eéE%QhHeéaQt@H&hﬂ9}59rOnEOBQ‘H@r@ncbﬁﬁﬁﬁgnﬁg ?EQSt'ng

nold. One or notre coating layers are”applied to a sacrificral patt

havi ng a dresippbiedone &osatpifiingad pettevoi Hamndgaasédowd portion for
formng a goEtion of the gnld. In a first s&eg, ﬁ.naj%r partion of the
pattern fEP5tIPOPRdn?i Coren¥0ed FBAVAnG ERBIsBEERACHorProf O -t A a shel
fornmed bypdheisQabingnhbamerd. tA a $eeandssbgp, a WBgogheblrti®n Bift ikakl y
hardened effective to provide the shell wth a first nodulus of rupture
(MOR) st redgtdrmnol ibee PhhioBsiEorenowadi kAVIMIR Sheergehnd poxtibir d step,

the shell js..furt a it t nt | egradat i f
battern sskEmi o ST FOGRET Y PBY! cBHREha ARk S0 TR WREela B8Ry be
used to flabrilkal®t dsgasitiablpehengenedceffpeaetitre Thepsecoded shepsieyl be

essentially perfornmed under an gxygen partial pressure of at |east 20 kPa.
fhe thi r dW5tRep? by rBe BedBhRPaPfy THBFP6FPMAYOR)  strength no more than

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

pattern second portion.

[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. Means 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 vacuum or a
second atmosphere of a second composition, different than the

first composition.



under an oxygen partial pressure of no nore than 5 kPa. [0014] Anot her
aspect of the invention involves a systemfor GC formng an investnent
casting nold. Means are provided for formng a shell over a pattern. The
pattern conprises a hydrocarbon-based body with a refractory netal - based
core at |[@8d6]pdrihe afl¢yathbedfedne not hwobedymbdansnaeecpr bhiededveot ion
substantial |y r% vinglthet%pdy frong;he shgb!..wbans %iq:€$r vided_gor

st r engt hefiitig “Fire S By éhﬁ%%fﬂ31%¥ﬁﬁﬂ- a%ﬁ%%%ﬁﬁ% & FIrrRton
conposi ti galoheans hare fRevirded foirjedoy, t herd sidwen®dipnd ngf afhd he shel | by
heating in a vacuum ar. _a, second atnosphere of_ a second conposition,

di ff er ent HWERLERE WHilds e SPSLtorf O [(EFLSie ST Ricten | 3RS fAHEL RFS mor e
enbodi men of [N\ i are set forth in the acconpanying draw ngs and
t he descr%%?igﬁgpﬁgrghﬁﬁ%¥ﬁé§'features, obj ects, and advant ages of the
invention wll be apparent fromthe description and drawi ngs, and fromthe
cl ai ms. BRI EF DESCRI PTI T 0 I s a flowchart of a
first nold nanufacturing§R§£ECEE§%§@?%E§$h%8i&gk?ﬁﬁgwgﬁggfof t he inventi on.
[0017] FI Goodsils mrdl owchars eforcugeondsnal di#BHufiaTtHURLAGfaPEQOSES:

according to principles of the invention. [0018] Like reference nunbers and
desi gnat | PFOCER St Be PG ings todaWintgP lisfdicdattdd ikwesiteht s. tf 6 DETAI LED

DESCR! PTI Ghjoh991% 16! G Lo ShORS-ABnEXENBEALY s HELAG 304! ALl 2L Ng 12

process according to principles of the invention.
- [0018] Like reference numbers and designations in the various

drawings indicate like elements.

T



i nvestnment casting nold. One or nore netallic core elements are formed 22
(e.g., of refractory netals such as nol ybdenum and ni obi um by stanping or
otherwi se cutting fromsheet netal) and coated 24. Suitable coating

materials include silica, alumna, zirconia, chroma, nmullite and hafnia.
Preferably, the coefficient oPEIRLF DBSTIHAIHPN CTE) of the refractory

netal and oat-i-ng -ar jJmJ ar t 8y, J . an
appropri agae&lfgeféh%i&(i}e 1( g%&?ﬁ&%,e%ale e?:j[%L r op%%?e@?%f e]g%lﬁ}(ls%ﬁ %%I
t echni quesyvedindent doatt i ayensldayohygpbrahnbyebaet@llitochra klemetks

Metallic | ayers of Pt t her nohl e tals, O nd Al _may be_applied to the
met al | i ¢ T6F EOFTRENES (619 - oxPhatFORBFOFECTPEALS AUCBNBENACRIRORFLR o
ceram ¢ coadi Rfobigh EﬁoéﬁﬁﬁbQﬂgf69”bﬂﬁékﬁms€EE§Et§h?3EQ&mﬁ@%e@ES%@EHHDOn-

[ 0020] One or nore ceramc cores are also fornmed 26 (e.g., of silicain a

mol di ng aamd feeabed pRdceSe}talbhe epandpg vhtekdaleoaneduget silliicagor e
e'e”E”tSoéﬂgﬁgé%éféiégéﬁﬁgt°E¥r$§%§' mﬁ?i%ﬁeﬁ%%%S%éfﬁ%g.a§§%¥QE§%%28 to one

or nore am ¢ cofes core asse en OvVer m d’30 with
an easil ytheacseffcetenat efi shesmah aspansabur dCTal synthet refwactoeyg. ,
via placing the assenbly in a nold and polding the wax around it). There
may be mireipl e2RdchhascerbliresarRvEiTédarn SO8FHBAS MBYd LS 68PLESthdY

over ol degl, ¢oL 6, as Ei@%%aﬁ«%hﬂi&ﬂg QL .gssenbhi, e@imﬁf Qf BB 3 pAsiiRg spat tern

wi th an exterior shape rgely “corresponding to the exterior shape of the
part to bmndastl gFhetpahtegueshy Thdnvbhbduassémpbed B2yt 6yaichelllvi g fi xture

(e.g., vi | di ng,_Dbet wee n |ates of the fixture). T attern may

ts[ge_n be s(ﬁeﬁi@a\l\gmi‘g.Bﬁ}c%?aﬁgﬁgggigcn%?gegﬁaagsPfcof Ogﬁl&%r ?O%ﬁﬁp?rﬁ%??‘&’urry
rayi ng,ce; 4he Alk@dy Pétgpplihed 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
gilica 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 assemblies 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



shell is built up, it may be dried 36. The drying provides the 7 shell with
at least sufficient strength or other physical integrity properties to
permt subsequent processing. For exanple, the shell containing the

i nvested core assenbly may be disassenbled 38 fully or partially fromthe
shel l'i ng shexfuwétandtt Aemstr andffarriehtd® trengtthe wax et Heer physai cstleam
autocl ave),. I n the dewaxer, a %;eanldemax rocess 42 renoves a mjor

portion of FRETHEY PESPFNG e tCoPETEde SHETTe T WRI I nd Thel | . The

shel | andegangiassent! ¥nwihl dodit@ahy ndf @hA k& ddtiddRig- Ml gheniMe iy t he
dewax process typically |eaves a wax or byproduct hydrocarbon residue on

t he shel | bej dieppsrmiAgdc e faddamisry papyd2Al vafrem tthe ddbddinche shell is
transferr o] I AGE (£ 9 gevo2al 0l ai her
oxi di zi ng%qglﬁ%%pﬁglra efﬁ%ﬁlﬁo\%h%%ﬁf%tg#g %g)att(ead “4 et“% a fi({rzz‘ls{::|ag Pea EQ{eea(r?rﬁper ature
and for aafticvsftatenre dur dhieorlesfbeat,i we steanp destane pgidrersd e sdwtdvesThe

heating 46 nmay al so.renove any remaini.n X residue (e.qg., b
vapor i 2at TBAPLaRAF O G &7 M6y FAICARD ORSr S S b SFECHEryen | n
the atnogpherg Eeacksewit h e frnhondo dRidncarhon HiwXide ard2enpval  of

the carbon is advantageous to _avoid the carbon _cloggi'ng the vacuum punps
used in sfbsmgiubat udtages commolsheigmiesier  Tihe BgwsxhPusfdesst el erldon may

be generall oi_nci_dent  wi | dat | el.l .. assqci.at ed ,wi-t-h the
advant age Sévfoar et ?Vgngtoﬁe\r%y%g}m%mt é’- S ecl%{artbg% er%éslr%ﬁ%uar yOn pt(rahe%tsrheenlg]t heni ng
provi des theeghekl anid koaef mactamlvaf its ultimate (e.g., the maxi mum
fully-fired) nodulus of rupture (MOR) strength (e.g., 50-90% nore narrowy
qg?85960r 65-809%) .

[0022] After the dewax, the shell is transferred 44 to an

atmospheric furnace (e.g., containing air or other oxidizing
atmosphere) in which it 1s 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
atmogphere 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 stages 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
{MOR) strength (e.g., 50-90% ,more narrowly 60-85% or 65-80%).
For typical shell materials, industry practice generally
associateg firing at a temperature of at least 1500F for a
duration of at least one hour as essentially fully firing the
shell to achieve esgentially 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



For typical shell materials, industry practice generally associates firing
at a tenperature of at |east 1500F for a duration of at |east one hour as
essentially fully firing the shell to achieve essentially maxi mum MOR
strength. In common practice the shell is maintained at |east generally

i sot her mavel} opebew| ot of hhdtpeptedMORhESrARgthephesbat red atigiedase from 8

wel | bel o é&%?@ Hé%%&rﬁik@gﬁthgQ!H oDyt h%Péeg%!-iéS% 9 2GR 3G e
i nedi at efy pos -Qenax’ € pre<harden ?enpera ar i $oTadvant a eously,
sufficienigy ddvantagecenlof bhéfoxidhzipglowat inevakwt b€ ahroOspiierieing t he

at nospheric furnace to avoid . substan oxidation of the netallic core

tial .
el enent ( sH2EBES PPt ERENRCPPERBREE oF Fh@ BFBPERRPYECCSHEPARGE &8 @Y 6h i s

still a substantial peigntish Brobhemndugiioct Berhr e3ened i) .MpeRakacks
and porosity in the coating. Oxidation can produce coating delam nation or

ot her dantlye pressurtacé therpyarartivesceatihg, nexarfhtdorore. sCddtli mg
dammge Te¥uBbLOMts YaneLzaLt on BlobhenTaLal LLC AR B gLarRrl st the i b
g or

subsequent castin érarires an réacti ons petween thé casting all oy

and t he meietbitackseartiepepbsitcPuihache bbaefubar Dkiidatdaus edrbypridiece
oxidation may, in_turn form inperfectiqgns in the assqgciated interior
surfaces ©P2EhRI cadetampBat iona0paPERel RTBEELPBMA FHELECEI ne features are

being f OEPFQ%uJTQPi%@E%ﬁr YnReRK R §har deRel eFBREALEN Blat e Syt RAN oyl 150F
(e.g., 800-1100F) for a preharden tine of 2-4 hours. "An eXenpl ary preharden

t enper at urapanitizéf heni sfabbat meé080Fifororgbedem8nEsheatr she] G321 After the
a;egggﬁfnéﬁgé?%gggg?égsgg¥gb%e&%ggg%grggoghdyhgra%gg%%qgggckL&k%%&Fth%llowed
- casting alloy and 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 shell
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., ilnert gas) to prevent oxidation of the casting alloy.



C The nold may be seeded 50 by placing a netallic seed in the nold to
establish the ultimate crystal structure of a directionally solidified (DS)
casting or a single-crystal (SX) casting. Neverthel ess the present
teachings may be applied to other DS and SX casting techniques (e.g
wherein tmheshelstingecﬁmlayced&bi hes tadgGa mosgalr@aiemt) tdfe tnm]ma.sttlrl—rngg of ot her

m crostructu Alternati vel t he Id nayfhav§. %ﬁ

transf er r B ?anng ESSU gt rﬁgfgoﬁg LA %ﬁ' eQﬂﬁ plate in the
furnace) . sfhengaskhngnbucnage rr&ygbe wrmd 1e@@wwstzom&@t&ﬁ S tomaadar ged
with a non-oxi di zi nghat nosphere (e.g., inert to prevent oxidation of

t he castiMgRaPE&§Ng Theaélésﬂipn@rﬁ@ﬁﬁ&céhiess g:tle(f% the pgmdiesiuatomnl d.
Thi then th
This, PreBESHLIGCRCRISS,! ¥ BUCROSES trktnll ThBE Ao Al i endtren e

"the shel | sbotdti héchntibadodct itbre adfl oyol mezltcoaidlmgltyq ey gntelidwy mal shock and

pr emat ur e solldlflcatlﬁp of the aIonSSQ_cordln , the preheat
t enper at uFEMRAG2GYF St PBA P& 25dPRN PE§e SOYRCEgEA hEWF LGt fftial ly

further hadgRahBeashe! Fuahoke Husdernehakdened1 eopid 0 phrmimshdvol ve
sintering of the ceramc particles wthin the shell. Advantageous MORis in

excess of ceBd% tand. Fbie pawt |l(1ﬂ{5|’1OéMey s ik emives © foft 1o Ctﬁréglﬁl% afaxfitd Jest e
Thi s gﬁanEh%Chh \ﬁd 8% \%r %aliwotRerrperat ur.g eceosfshat St anl 00F,
e

rmre partlé arly, east an exerrpl ary p n‘pera ure of

about 160&EreEpaﬁphauyamagheah ekress aife sapproxsmicd yulaiend Gl MOR .
(e.g.,0.25-4.0 hours, npre narrowmy, 0.75-2.0 hours). [0024] After
(eheatl ngARd™MKi PE SEPHEVERAET Waguifeheat temperdture of at least

1200F, more 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 is allowed to cool to solidify 60 the alloy (e.g.,
after withdrawal from the furnace hot zone). After
solidification, the wvacuum 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 ghell} and the core asgembly removed in a decoring
procesgs 68 (e.g., a chemical process) to leave a cast article
(e.g,. a metallic precursor of the ultimate part). The cast
article may be machined 70, chemically and/or thermally

treated 72 and coated 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



conditions, the nolten alloy is poured 58 into the nold and the nold is
allowed to cool to solidify 60 the alloy (e.g., after withdrawal fromthe
furnace hot zone). After solidification, the vacuum may be broken 62 and
the chilled nold renoved 64 fromthe casting furnace. The shell nmay be
renoved i modddéshéirkingd eprecksdd 669 @ qronamestismiicsdlc Whezldery wiofch eashel |)
and the core _assenbly renoved i decasin r.qcess. 68 (e..g.., a chem cal
process) g 6 Fgﬁvgggecéfgtoma\réﬁecIaeﬁésq;(len.gg,cy.’uré%‘ r?eetoajﬁ i lpcglec"fjarss%lrﬂ%f t he

ul ti mat e pabkkguEhe lgasiccouad.i @lfearmyt demamrohi et Hhnahesamedtyc and/ or
thermally treated 72 and coated 74 to formthe uIt': mai;a art. [0025] FIG 2
shows an &MEBRRFS: B3PS EMTRFS HO%he Uk &t VS UThr L I iK%t eps

are shown Hlf&eh:itk%t%@?}@x% & A LA RLRC.NS milAUBMErshSRRA At es the
firing fromthe preheating. Thus, after the inspection 48, the prehardened

10 nol d i &fteansher pedpl@vwo dheomulvbaphetiec Finathddavdcm may be
separate fromthe casti furnace in i.ch . castin ubse nt occurs.

Aft er traﬁ?f“gle,ra(tgﬁgen %tg gt © cdha eogjﬁ)%}ﬁ% O%’g\/vrf{%tﬁto vacuum
(and/ or charged, Wthe varkuuie st e SUWE @ amohl & gassiiierd Xt ure

thereof). After the punp down, the nold may be fired 106 at a tenperature
and dur at PéResTHERa G e Gickitdl m6-d ARsved | 1ithg AfhRr Ve urRTRKR e

broken 108460k IS bt Ryl et qﬁ{)gge%ﬁteixogmﬁ@ eI P! S dalmyed 110.

After the renoval, “there nay as i'nspecti tenporary
storage, addditticmadl prooeessintg, sand tHee llike. THeeresdttaar, itle muld may <. .

be seeded. 114 and transferred 116.to the casting furnace. u down 118
nay. be si el §reegﬁdt He%p &d?ﬁr?%c‘frrﬁ%r]elﬁgﬁo e casting il O

pump down 118 may be similar to the pump down 54. A preheat
120 may be similar 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
gpirit and scope of the invention. For example, the principles
may be implemented as modifications of existing or
yet-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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120 may be simlar to the preheat 56 or nore abrupt as the firing function

will, at least largely, already have taken place. [0026] One or nore

enbodi ments of the present invention have been described. Neverthel ess, it

wi |l be understood that various nodifications may be nmade w t hout departing
fromthe spirit and scope of the invention. For exanple, the principles

may be i1 nplenented as nodifications of existing or yet-devel oped processes

in which cases those processes would influence or dictate paranmeters of the
inplenentavhﬂﬂschﬂﬁapmdingly, ot her enbodi nents are within the scope of the

fol | owi ng claln% % is.claimed is: 1. A nethod for formng an

i nvest ment 1-¢aQethAd P‘Hn‘B%ﬁ‘bf‘r}V§§tﬁ’§nt G RO SOBREFPZover a pattern

conpri si Ngr@indAhes svh e ?a&é%%n&ﬁ@%g‘ﬁ‘h&@ro@arb&i-ﬁ@s%& 8bdy wﬁ’ﬁfa@éf‘r&?&ﬁd core at
| east partiall'y enbedded in the %Vdsubstantlally r‘emovi ng the body from

t he shelImﬂ@lb%ﬂ@?%@ﬁth@ﬂmhﬁmﬂhémbe ietieibady;in a first atnmosphere of a
first Conyﬁééﬁﬁﬁy} %go%n g%D8{ Fgﬁﬁpre (MOR) strength no nore than 85%
e

of a maxi nmim reng r’strengthening the shell by heating
in a vacumnmgmmmegdmdhdﬂbph@hmganmﬁnmasmnmhmbotmﬁmoenmmmnmndoﬁferent t han

the first c osition. The hod of ¢ wher ei n e heating of the
St engt heMPHIGET & TeEie: ARAMPER MOy 1B R oLt M HeEtgh: BHE {ur  her
st rengt hefiRer su@ns Haﬁﬁ%\ﬂf‘e'sﬁéll vy Rdatind @0z ¥£B0mfor secdnd Iﬂﬁﬁ)sﬁﬁr@@ﬂa Scofed @i M 1

wherein: the heatin further strengthening is a preheating prior to
an i nt r oderspRosiions difrerepithan thefist comppfiéool d. 4. The nethod of claim1
wher ei.n:

2. The method of claim 1 wherein:
the heating of the strengthening is substantially at 800—-1100 F; and
the heating of the further strengthening is substantially at 1400-1600 F.

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:

said first composition is more oxidative than said second composition.

5. The method of claim 1 used to fabricate a gas turbine engine turbine airfoil element.

6. The method of claim 1 wherein:

the first composition consists in major part of air.

7. The method of claim 6 wherein:

the second composition consists in major part of one or more inert gasses.

8. The method of claim 1 wherein:

the first composition has an oxygen partial pressure of at least fifteen kPa.

12



said first conposition is nore oxidative than said second conposition. 5.
The nmethod of claim 1l used to fabricate a gas turbine engine turbine airfoi
elenent. 6. The nmethod of claim 1l wherein: the first conposition consists
in major part of air. 7. The nethod of claim6 wherein: the second
conposition consists in major part of one or nore inert gasses. 8. The

met hod of claim 1 wherein: the first conposition has an oxygen parti al
pressure of at least fifteen kPa. 12 9. The nmethod of claim8 wherein: the
second conposition has an oxygen partial pressure of no nore than ten kPa.
10. The method of claim 1l further conprising: fully enbedding the refractory
met al - based’gh?ﬁwﬂwdpﬁébﬁ9éﬁﬁ@§W%on based body. 11. The nmethod of claim1l

wher ei n: ‘é‘ec%h& @&ﬂ%&%ﬁ%n%s larg 0%%% E‘btg#tfég%&%gi% ég*fﬂoqﬁorE AenSOekb, Wi th a first

nmodul us o rupture stre a maxi mum strength; and
the further strengthening is effective to provide the shell with a second

MOR st t d MOR st th. 12. Th t hod
of clsalr (ranngl%v\ﬁ%erl@ﬁimdgf‘?l@fn iﬁf@‘%ﬁ‘%@?&%ﬁﬁ? rem)\sll F]S,ngt he shel | ﬁarsma 0

pr el i m nafiyly B ddifi@hg kb stfori enetabasedichayin ¥hydtocaiiod-baged badpn MOR strengt h.
13. A method for investnent casting conprising: formng an I nvestnent
casting nold as in claiml1; introducing nolten netal to the nold;

pernlttlngIqh@mgﬁg%ggoﬁggﬁ{15@w§9{|dlfy and destructively renoving the
nold. 14. The nethod of claim 13 wherein: a tenperature of the shell does

not fall thekuengtizotgHs pétative tp prioeide thetshelt with adivsftrehilusef naptaret(MOR)
| nt roduci :Qg-:ngth of 65—-80% of a maximum MOR strength; and

the further strengthening is effective to provide the shell 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 as in claim 1;
introducing molten metal to the mold;
permitting the molten metal to solidify; and

destructively removing the mold.

14. The method of claim 13 wherein:
a temperature of the shell does not fall below 1200 F between the further strengthening

and the introducing.
15. A method for forming an investment casting mold comprising:

applying one or more coating layers to a sacrificial pattern having a wax first portion and

a second portion comprising a refractory metal core;

13



15. A method 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 refractory nmetal core; 13 steam dewaxi ng
of the coated pattern so as to renove a mgjor portion of the pattern first
portion and | eaving the second portion within a shell formed by the coating
| ayers; first heating the shell to harden the shell and renove residues or
byproducts of the wax, the first heating being effective to provide the
shel | Wi t fledin flbwding Il St poktipl a8 to feMOR) 2 Sicf@MpBETLNT (RO @S 85% of a
maxi mum MOR strength; and second heating of the shell to strengthen the
shell to aorg%wblem @l@rs@q@@fiﬂ?ortmwwﬂmhésl}?éltfﬁwd&y the gpatingdaygrfer ei n: t he
first heaﬁfsf‘ﬂeahﬁ% {13 sR&u %ﬂd&'tﬂ@s@ﬂ%ﬁﬁ%x@rem Bhﬁyapﬁaﬁfmdof@ﬁ@\kwg Is In
vacuum or an i1 neft atnosphere e met hod o? C m 15 wherei A: the
second hetheifing heating beingtedlettivego pravide the shedll wighna fiest siodulns pOaiptré on. 18, The
met hod of n115 erein 5-80% of said maxi num
MOR stren@@?ﬁgﬁﬁgﬁHg) coﬁﬂlgggP %5w¥%m59$g@§%%@ggb at the second MOR
strengt h $egod hdaiAg bf BB ¥hadf toSabikthaiié shethtd/DRcohd BIQR Birenkth. The net hod of
claim15 wherein: the first heating has a peak tenperature between 800 F and
1100 F; and the second heating has a peak tenperature in excess of 1500 F.
20. The nmetgodhofehbabitidin M6helel: the first heating has a tenperature

bet ween 800 F and 1100 F for at least 2.0 hours; and the second heating has
a t enper athadigstheatingde insanofxidigiog amdsphergitanieast 1.0 hour. 21. The net hod of
claim15 *P%&%h@ 5 ??%RHEmHQr{ Oﬁeﬁ%ﬁﬁﬁ%cﬁg said refractory nmetal core;

a coating on sal 8 rerr act or a ceramc core secured to said
refractory netal core prior to the applying.

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 second heating is effective so that the second MOR strength is at least 85% of said
maximum MOR strength.

19. The method of claim 15 wherein:
the first heating has a peak temperature between 800 F and 1100 F; and

the second heating has a peak temperature in excess of 1500 F.

20. The method of claim 15 wherein:
the first heating has a temperature between 800 F and 1100 F for at least 2.0 hours; and

the second heating has a temperature in excess of 1500 F for at least 1.0 hour.

21. The method of claim 15 wherein the second portion comprises:
said refractory metal core;
a coating on said refractory metal core; and

a ceramic core secured to said refractory metal core prior to the applying.
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14 22. A nethod for formng an investnent casting nold conprising: applying
one or nore coating layers to a sacrificial pattern having a first portion
for forming a nold void and a second portion for formng a portion of the
nold; a first step for renoving a major portion of the pattern first portion
and |l eaving the second portion within a shell fornmed by the coating | ayers;
a second step for initial hardening of the shell effective to provide the
shell with a first nodulus of rupture (MOR) strength no nore than 85% of a
maxi mum MOR strength; and a third step for further hardening of the shel

wi t hout substanti al radation of the pattern second portion. 23. The

net hod of dZafiethod, @égﬂr{rﬁng %WW%S&P@t&ﬂijﬁgmq}ﬁi BOHRISHEI ne conponent.  24.

The met hoggpg%g%b@ e WBRLR B! B0 386 &Hhaangaig&tﬂoﬁwnw er f or med

under an ( partial pressure of at t went ird step is
essenti al fqmpgr#moheuldmdasemdpoytgeﬁop&nmmawmoﬁtbe ofolhho nore than five
kPa. 25. est ment an i nvest nent

cast i ng. n PSS o gt SO R R B PR an R o
permtti n@cbﬂitepm‘ﬁbﬁ @ithited shkll fam=d by did goatiggidyergiest ruct i vel y renoving the
| nvest meng se?cgg step forrr?tlntlal harcganmg 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 substantial degradation of the

pattern second portion.
23. The method of claim 22 used to fabricate a gas turbine engine component.

24, The method of claim 22 wherein:
the second step is essentially performed under an oxygen partial pressure of at least
twenty kPa,
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.
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