21 APRIL 2006 CORES FOR USE I N PRECI SI ON | NVESTMENT CASTI NG Backgr ound of
the Invention 1. Field of the Invention 5 The present 2haeRiLi2005 rel ates to
i nvestment casting cores, and in particular to investnent casting cores
which are forned at least in part fromrefractory netals. 2. Background
Information I nvestnent casting is a commonly used techni que for formng
nmetallic conponents having conpl ex geonetries, especially hollow
conponents, and is 10 used in the fabrication of superalloy gas turbine
engi ne conponents. CHHRES P USHIN PRECIBEONERSVERENENTIESFERIGL 0 the
production of superalloy ctastings, however 1t wIl Dbe understood that the
invention is not so limted. Gas turbine engines are widely used in aircraft
propul sion, electric power geggaagbgﬂd(ﬁqge§p§gupﬁppulsion. In all gas
turbi ne engine applications, efficiency 1S 15 a prinme objective. |nproved
gas turbine engilhe ef 1 I obt ai ned by operating at higher
temperatqir es, NOMRUSsEHiASOIANRAAL Rl LIMRAALLLES Bf& Al SHELRULLVE!
that, in the turbine section, the superalloy nmaterials used have limted
mechani cal tOpRBpREIERbeastiogserrsuBhichyre farmest & lepshisy part frose rafeastary petels de
air cooling for 20 cHRRPENR id¥oligeibRt t €St portions of gas turbine
engines, typically inthe turbine section. Cooling is provided by flow ng
relatively cool [BVEStEshraiesdoaAsPESRIRY used t9chripe fohEorangs metellicough

passages |i ”cr_hkﬁor{éﬁft@h&ﬁng QBR%II'@J%&)&&T@@ e%@;@éieﬁ@; hditow WomlpoREnBPALELI at ed
that cooling cones with an associated cost_in engine efficiency,

consequéht | yoediRdRiabsicaliar PoRPARLIY 823 BIRNG PR ERAIRIEE s petilpyentidbl i ng,
25 maxi m ziRgi bhgeRMBHANN BdspeAbitRE phenatich BhLpéMady tinmga, KiwverranRunt of
cooling ' air. Refernhnq@;o qu, 1, a gas turbine engine 10 includes a
conpr essor A2Understogainatise mventonds 20f 5t biwedie. Air 18 flows axially

t hrough the sectGonsirlide ehdinesardwidel plustdien grghferdPulsts, bidctRlgokdrown in
the art, air 18 .conpressed in. the ?0 onpressar 2, is.nmxed m@th f uel
which is bugeﬁ\gaét}%, gﬁg Sg"é)rr}?)li?é)tu(]ﬁ’lorl' 4 nazi;.}ﬁga turbine engirle applications, etficiency is

15  a prime objective.

Improved gas turbine engine efficiency can be obtained by operating at
higher temperatures, however current operating temperatures are at such a level
that, in the turbine section, the superalloy materials used have limited mechanical
properties. Consequently, itis a general practice to provide air cooling for

20 components in the hottest portions of gas turbine engines, typically in the turbine
section. Cooling is provided by flowing relatively cool air from the compressor
section of the engine through passages in the turbine components to be cooled. It
will be appreciated that éooling comes with an associated cost in engine efficiency,
consequently, there is a strong desire to provide enhanced specific cooling,

25 maximizing the amount of cooling benefit obtained from a given amount of cooling -
air. _

Referring to Fig. 1, a gas turbine engine 10 includes a compressor 12, a
combustor 14, and a turbine 16. Air 18 flows axially through the sections 12, 14,
and 16 of the engine 10. As is well known in the art, air 18, compressed in the

30  compressor 12, is mixed with fuel which is burned in the combustor 14 and
expanded in the turbine 16, thereby rotating the turbine 16 and driving the
compressor 12.

Both the compressor 12 and the turbine 16 are comprised of rotating and
stationary airfoils 20, 22, respectively. The airfoils, especially those disposed in the

35  turbine 16, are subjected to repetitive thermal cycling under widely ranging



expanded in the turbine 16, thereby rotating the turbine 16 and driving the
conpressor 12. Both the conpressor 12 and the turbine 161 aprucmpri sed of
rotating and stationary airfoils 20, 22, respectively. The airfoils,
especially those disposed in the 35 turbine 16, are subjected to repetitive
thermal cycling under widely ranging | 21 APRIL 2006 tenperatures and
pressures. To avoid thermal damage to the airfoils, each airfoil 20

i ncludes internal cooling. Referring to FIG 2, the airfoil 20 includes a
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trailing edgférSQqurﬁﬂltm% el Ps @O osswspheles frisformed avifna fst wailisst 130
and a tif 1321earsesPand al8cdepRirkiitQidr ity &k andssol Br Bdles TESAEGhEYVEl Y.
a6 o O R S alond taling edge wall 74 T allow codiing air Hort charnel 58 56 flow " ©* °
146, 162 resPect) yfopnd traihing edg 8
through an intermediate passage 78 to a plurality of trailing edge slots 80.
A ceramic core 120, as depicted in Figs. 3 and 4, is used in the manufacturing
process of the airfoils 20 and defines the hollow cavities therein. A ceramic core
20  leading edge 126 and a ceramic core trailing edge 128 correspond to the leading
edge 26 and trailing edge 28 in the airfoil 20, respectively. A ceramic core root 130
and a ﬁp 132 correspond to the airfoil root 30 and tip 32, respectively. Ceramic core
passages 140, 156 with channels 142-144, 158-160, and inlets 146, 162 respectively,
correspond to passages 40, 56 with channels 42-44, 58-60 and inlets 46, 62, of the
25  airfoil, respectively. Passages 52 and 78 of the airfoil correspond to channels 152
and 178 in the ceramic core. Pluralities of fingers 148, 166, 172 in the core 120
correspond to the plurality of crossover holes 48, 66, 72 in the airfoil 20,
respectively. A core tip 190 is attached to the core passages 140, 156 by means of
fingers 182-185, to stabilize the core 120 at the tip 132. An external ceramic handle
30 194 is attached at the core trailing edge 128 for handling purposes. A core
extension 196 defines a cooling passage at the root to the airfoil 20. Centerlines 197-
199 extend radially through each row of fingers 148, 166, 172, respectively.
While turbine blades and vanes are some of the most important components

that are cooled, other components such as combustion chambers and blade outer



correspond to passages 40, 56 with channels 42-44, 58-60 and inlets 46, 62,
of the 25 airfoil, respectively. Passages 52 and 78 of fihraLn#cgi
correspond to channels 152 and 178 in the ceramc core. Pluralities of
fingers 148, 166, 172 in the core 120 correspond to the plurality of
crossover holes 48, 66, 72 in the airfoil 20, respectively. A core tip 190
is attached to the core passages 140, 156 by neans of fingers 182-185, to
stabilize the core 120 at the tip 132. An external ceramc handle 30 194 is

attached at _th il ed in r .
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The investment casting process to produce a turbine blade, using a ceramic

core, will be explained briefly here. A ceramic core having the geometry desired
for the internal cooling passages is placed in a metal die whose walls surround but
are generally spaced away from the core. The die is filled with a disposable pattern
20 material such as wax. The die is removed leaving the ceramic core embedded in a
wax pattern. The outer shell mold is then formed about the wax pattern by dipping
the pa’étern in a ceramic slurry and then applying larger, dry ceramic particles to
the slurry. This process is termed stuccoing. The stuccoed wax pattern, containing
the core, is then dried and the stuccoing process repeated to provide the desired
25  shell mold wall thickness. At this point the mold is thoroughly dried and heated to -
an elevated temperature to remove the wax material and strengthen the ceramic -
material.
The result is a ceramic mold containing a ceramic core which in combination
define a mold cavity. It will be understood that the exterior of the core defines the
30 passageway to be formed in the casting and the interior of the shell mold defines
the external dimensions of the superalloy casting to be made. The core and shell
may also define casting portions such as gates and risers which are necessary for
the casting process but are not a part of the finished cast component.
After the removal of the wax, molten superalloy material is poured into the
35 cavity defined by the shell mold and core assembly and solidified. The mold and

QI



for the internal cooling passages is placed in a netal die whose walls
surround but are generally spaced away fromthe core. ZFiherriLaodss fill ed
with a disposable pattern 20 material such as wax. The die is renpved

| eaving the ceram c core enbedded in a wax pattern. The outer shell nold is
then fornmed about the wax pattern by dipping the pattern in a ceramc
slurry and then applying larger, dry ceramc particles to the slurry. This
process is terned stuccoing. The stuccoed wax pattern, containing the core,
is then dried and, the stuccpin rocess.repeated to provide the desired 25
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Disclosure of Invention

To achieve the foregoing objectives and to provide other benefits, in
20 accordance with the present invention, cores are described which include refractory
metal elements.

‘Refractory metals include molybdenum, tantalum, niobium, tungsten, and
alloys thereof. For purposes of this invention, the term “refractory metals” will also
be understood to include intermetallic compounds based on the foregoing

25  refractory metals. According to one embodiment of the invention, wires of these
refractory metals are embedded in ceramic cores to provide improved mechanical
properties.

In accordance with another embodiment of the invention, a ceramic core
may be formed about a sheet of refractory material which has previously been cut

30  and shaped to conform to at least a portion of the required core geometry.

In accordance with another embodiment of the invention a refractory wire or
sheet metal element may form a portion of a core and may be exposed to the
molten metal during the casting process.

In accordance with embodiments of the invention, the refractory metal core

35 components may be coated with one or more layers of protective material to



It is another object of the invention to provide cores which have geonetries
and features which cannot be achi eved in ceram c cores. 21 Aprig 2860t her obj ect
of the invention to provide cores which allowrapid 15 inplenentation of
conpl ex design changes without the need to enploy costly tooling and
processes. Disclosure of Invention To achieve the foregoing objectives and
to provide other benefits, in 20 accordance with the present invention,
cores are described which include refractory netal elenments. Refractory
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manufacturing of the airfoil of Fig. 2 according to the present invention; and

Fig. 4 is a cross-sectional elevation of the ceramic core taken in the direction

j—
)]

of 4-4 in Fig. 3.

Fig. 5 shows a cross sectional elevation of a ceramic core taken in the
direction of 4-4, illustrating embodiments of the invention

Fig. 6 shows mechanical attachment schemes;

Fig. 7 shows a refractory metal core detail for forming a convoluted cooling

20 passage.

Detailed Description of the Invention

As previously noted, conventional ceramic cores are currently a limiting
factor in the design of advanced complex superalloy articles because they impose
25 dimensional limitations on casting design. Fig. 5 illustrates various embodiments
of the present invention. Fig. 5 shows the cross sectional elevation as in Fig. 4 with
various illustrative refractor metal elements.
Referring now to Fig. 5 which illustrates embodiments of the invention, one
or more refractory metal wires 200 may be embedded within the ceramic core to
30 provide strength and resistance to cracking and warping. Although shown as
circular in cross section, other wire cross sections may be employed.
Wire 202 may also be located adjacent the surface ceramic of core 120 and
may provide a core surface contour.
Refractory metal sheet elements may also be utilized. Refractory metal sheet

35 elements 204 may be located at the surface of a core element; or a shaped refractory



drawi ngs taken with the follow ng detailed description. Brief Description of
the Drawings Fig. | is a sinplified, broken away el evatiiospraf.2806gas t ur bi ne
engine; 10 Fig. 2 is an enlarged, cross-sectional elevation of an airfoil of
the gas turbine engine of Fig. 1; Fig. 3 is an elevation of a ceramc core
defining cooling passages for manufacturing of the airfoil of Fig. 2
according to the present invention; and Fig. 4 is a cross-sectional

el evation of the ceramc core taken in the direction F,. 3. 15 of ddinb
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may use any one or more of these embodiments in a core design, utilizing them as

appropriate in view of the specific core design.
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Fig. 6 shows how a thin refractory sheet metal trailing edge core component
can be used to form a part of an overall investment casting core. The thin refractory
metal element 220 can be attached to the ceramic portion 222 by providing a
refractory metal component with regions 224 which protrude or recessed pockets
226 injecting the ceramic around this protruding element, and/or into the pockets
20 to provide a mechanical lock between the ceramic element and the refractory metal

element.

‘Fig. 7 illustrates how refractory metal core elements 230 can be used to form
small diameter cooling holes within the wall of an airfoil. In Fig. 10, refractory
element 300 extends between the core 232 and the shell 234. Refractory element 220

25  will form a convoluted cooling passage in the wall of a turbine component, a
cooling passage which could not be formed by casting using conventional core
technology.

The refractory alloys of Mo, Cb, Ta and W are commercially available in
standard shapes such as wire and sheet which can be cut as needed to form cores

30 using processes such as laser cutting, shearing, piercing and photo etching. The
cut shapes can be deformed by bending and twisting. The standard shapes can be
corrugated or dimpled to produce passages which induce turbulent airflow. Holes
can be punched into sheet to produce posts or turning vanes in passageways.

Refractory metals are generally prone to oxidize at elevated temperatures

35 and are also somewhat soluble in molten superalloys. Accordingly, refractory



21 APRIL 2006 sheet elenent 206 may be shaped to forma radius and corner of
a core elenent; simlarly, a refractory netal elenent 208rm®yodeor mthree
sides and two coners of a ceramc core elenent. Refractory sheet netal

el ement 210 nay be located largely wthin a core elenment, extending from
one surface to another, or refractory core 5 elenent 212 may be | ocated
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alumina. It is understood that silica though an oxide is very reactive in the
presence of nickel based alloys and must be coated with a thin layer of other non-
reactive oxide. However, by the same token silica readily diffusion bonds with
other oxides such as alumina forming mullite.

20 For purposes of the invention, metals containing solid solution
strengtheners, precipitation strengtheners and dispersion strengtheners are classed
as alloys.

Alloys of Mo include TZM (.5% Ti, 0.08%2r, 0.04% C, bal Mo), and
lanthanated Molybdenum Alloys of W include W-38% Re.

25 The previously noted alloys are by way of example and are not intended to
be limiting.

After the casting process is complete the shell and core are removed. The
shell is external and can be removed by mechanical means to break the ceramic
away from the casting, followed as necessary by chemical means usually involving

30 immersion in a caustic solution.

In the prior art, ceramic cores are usually removed using caustic solutions,
often under conditions of elevated temperatures and pressures in an autoclave.

To the extent that the invention cores are partially ceramic, the same caustic

solution core removal techniques may be employed.



30 using processes such as laser cutting, shearing, piercing and photo

et ching. The cut shapes can be deforned by bendi ng and Z1wPRILREs The

st andard shapes can be corrugated or dinpled to produce passages which

i nduce turbulent airflow Holes can be punched into sheet to produce posts
or turning vanes in passageways. Refractory netals are generally prone to
oxi di ze at elevated tenperatures 35 and are al so sonewhat soluble in nolten
superal | oys. Accordingly, refractory 21 APRIL 2006 netal cores require a
protective coatiffe }&reI%'E ﬁgxﬂEta?ébﬁ?&d e, %‘EBE'cBHes%{ O)WBJz I’e@x@ovn{?ﬁa}n
Refractory netal core ele be coat ed one nor e

conti nuous aw@prRIRBEY castingsrby dcel/weafnfants. Epo@mpl@nto BriavabYle cemsdrdre s i ncl ude

silica, al r f referably, the
coefflC|entHg%ggﬁgﬁ%éﬁgp%%¥E§%§%%§%?ég¥ ék§€)?6?ﬁg§gﬂ @ B$g$§ﬁﬁetal and the
ceramc arehsmmmhanesotﬁ}adMEWaners may be applled by CVD, PVD,

el ectrophoresis, and el .t c of_dif.ferent
ceran ngmiy be gor Iie rac(g)r§J e Ialvcl% + Fa%wef\/bia{/éeio ro%s seXF{) ?1 di n&in% 1 il
thick. 10 I\/ﬁteatriaﬂ oxﬂdayen sam)be Ped od mOmubmmh :ﬁdnsms ﬂvo]antb Aidemin Me
applied to t ef ract or t al e enent s r _oxj dat,i on tec n, in
conbi nat | oncthee A Srel st e TR 1R ERPE R i feeRAL AT B Rofs BRI R

erosi on. Refractas motmil; abrealbheydsom itk nnlatadfrhorlex &b, Weand Gehndsallwps didreyfs and
MbSi 2 res ctlv ch. form pro | rs_ne 0 be

pref erred. %ﬁcﬁ ’%%Yﬂte né?tlag K C%pcg&np%%as%a/? 0 a?sleér\}\?atxgsc?ae ac %rrr%%ce of a
non-reactive oxide such as alumna. It is understood that silica though an
oxide is very reactive in the presence of nickel based alloys and nust be
coated with a thin |layer of other non- reactive oxide. However, by the sane
token silica readily diffusion bonds wth other oxides such as al um na
formng nullite. 20 For purposes of the invention, netals containing solid
solution strengtheners, precipitation strengtheners and di spersion
strengtheners are classed as alloys. Alloys of M include TZM (.5% Ti,
0.08%r, 0.04% C, bal M), and



| ant hanat ed Mol ybdenum Al'l oys of Wi nclude W38% Re. 25 The previously noted
alloys are by way of exanple and are not intended to I»a AFRILROOGY. After the
casting process is conplete the shell and core are renoved. The shell is
external and can be renoved by mechanical nmeans to break the ceramic away
fromthe casting, followed as necessary by chem cal neans usually invol ving
30 i mmer si Whatisclainelist i ¢ solution. In the prior art, ceramc cores are
usual |y renmoved using caustic sol utions, often under conditions of el evated
t enper at ures a/g res ures.in an autort: aye t thatgﬁge i nvention
cores are parti F %?rrr? for ugeR ag Lgs rB%’th%?Sf’&gprg‘oelsﬁtto £ e FERbval

t echni quespassaye 1henetvpsitmy1&dasti71gazhchIEthns%OG The refractory nmetal portion of
the invention cores may be renoved from superalloy castings by acid
treatments. For exanple, to renove Mo cores froma nickel superalloy, we
have used 40 paﬂ)ta%le%cgﬁ‘“b‘a??@eqq SO, bal H20 at tenperatures of 60 -
100C. 5 For refractory netal cores of relatively |large cross sectional

di mensi ons t hey 'Eﬁlleas%ﬁe@@ﬁéc‘?&y Gf’é&l DEmtR GfhchQi tb SAR Y AP oM e Fabhid QLB 2
volatile oxide. 'In Mo cores smal | cross sections, we have found thermal
oxi dat i on st ablsast nes reéfeqtprweleta&\slewemté’emgé@ﬁtfélszB%&ast@ne pridatipatrepistanivb, No, W
and Te andoal.0%si Lol ‘?éf?aetor;%&ﬁ‘l%léMeBPfth%ﬁﬂ?Jsﬁz{ bdrGorLSTRANAES J?%?eed on
these netal s are preferred 21 APRIL 2006 What 1s clainmed is: 1.

conposi t e @BwesiEPreuse in an i nvestnment casting process to pr oduce an
internal passage in an investnent casting which conpri ses a) at |east one
cer am c elfnentAQ(}m OtSIté CO?'C‘S;S] nﬁgﬁ? Ii]%%ms Mceram%le eerrlle% O%E'lt %gmd to Sal d at
| east one Cerari ¢ & &ne east one refrac et el‘ement bei ng
coated with at |east one oxi dation resistant

3. A composite core as in claim | wherein said refractory metal element comprises at

least one wire.

4, A composite core as in claim 1 wherein said refractory metal element comprises at

least one sheet.

5. A composite core as in claim | wherein said refractory metal element is embedded in

said ceramic element.

6. A composite core as in claim 1 wherein said refractory metal element is attached to a

surface of the ceramic element.
7. A composite core as in claim 6 wherein said attachment is a mechanical attachment.

8. A composite core as in claim 6 wherein said attachment is a chemical bond.



coating, said coated refractory netal elenent formng at |east a portion of
the surface of the conposite core. 2. A conposite corealaPRrRIn2@eéai m 1
wherein said ceramc elenent is an oxide ceramc. 3. A conposite core as in
claiml wherein said refractory netal elenent conprises at |east one wre.
4. A conposite core as in claiml wherein said refractory netal el enent
conprises @t |Aastd- @massdmx useful inthe prpesipt of icesencatcastingsifving | wher ei n
said refragtory pagga cﬁ@&fﬁ &S enbedded in said ceranmc elenment. 6. A
conposite core as erel n said refractory netal elenent is
attached to a surface of the ceramc element. 7. A conposite core as in

cl ai m 6 whedeiposisab asdetmblynindmding S a nechani cal attachnment. 8. A conposite
core as in claim6 wherein said attachnment is a chem cal bond. 9 21 APRIL
2006 9. A nol d- ore assenbl useful in the production of investnent
castings, havi ri’é‘flt £t e faraniaSeByes, which conprises: a conposite core
assenbly including a) at | east one ceramc elenent, h) at |east one
refractory net aj aﬁ%@s?@r@reﬁ&&&?hﬁ%l L18méht aichacs a%rfﬁ% of askt HRer id aai d at

| east one ceramc el ements, an external contour of the attached ceram c and
r ef r act or yleaseengiceramiicetiemantse & exispR) AN tong obde aftached qejamipangd reBeatesymetsl a
desired pre@éﬁ%ﬁédﬁe%ﬁdlhgt:ﬁ&ﬁﬁily RS a6 of%)deﬁre@%Fe%@i%ﬁmﬁélﬁh!erﬂ%a@sa yrroundi ng
said core, and spaced away fromsaid core to define a cavity, d) nmeans in
said shell nold for filling said cavity with nolten netal. 10. An as cast
article which corpersashel naldsusumdmakiidyorbady spahédodway dromedaniscoge teonposi t e
core capt “Jeﬁge mn sai d superall oy body, said conposite core conprising a)
at |east onhe ceram’c el enent b) at |least one refractory netal el enent
attached to a surface of at |east one of said ceram c elenents, an external
contour of the @hicanstiedaiekeiienild foe Gifling sS40 talitn gvithsisodtah matal.y to a

10. An as cast article which comprises a cast superalloy body which contains a composite

core captured within said superalloy body, said composite core comprising
a) at least one ceramic element

b) at least one refractory metal element attached to a surface of at least one of said
ceramic elements, an external contour of the attached elements corresponding essentially to a

contour of a desired predetermined internal passage along with gating and feeding elements.

11. A composite core for use in investment castings of superalloys, comprising at least
one ceramic element and at least one refractory metal element, said core having at least a
element having a dimension of less than about 0.015 inches, said at least one refractory metal
element forming a portion of said composite core, and serving to define a passage in a

superalloy investment casting.

12. A core for producing a superalloy investment casting including a refractory metal
element forming a trailing edge of said core, and having an essentially triangular cross

section.

10



contour of a desired predeterm ned internal passage along with gating and
feeding elenents. 11. A conposite core for use in investinePwIL c@st i ngs of
superal | oys, conprising at |east one ceramc elenent and at | east one
refractory netal elenent, said core having at | east a elenent having a

di rension of |less than about 0.015 inches, said at | east one refractory
metal el eildent Aebriang stellpssenbifonise daproduc mgpaspellog divestmamdasagVvi ng to
define a passage.in a suyperallqy investnment casting. 12. .A.cgre. for

br oduci ng BT Ky FatFeeBrst et TR i ng e e el g bt a

el ement f dedst o1@ réfrdctody nktalDela@nkge fodmningaipdrtion besaiddachphdeicog, afd sesagnsdi al | y
triangul ar, cross section. &0.21 ﬁPR&}tZOOG 13. A core and shell assenbly
for use i BPOURETARG " SHPEI AT GG 1SAVEEent casting including at |east one
refractory netal elenent attached to said core and to said shell, said at

| east one refractory netal elenment formng a portion of said conposite core,
and serving to define a passage in a superalloy investnent castjng. 14. A
conposi t e Por e 4 EMRASEE G5 19K USe{h A% inygstRent cASHRERIOGFF DR PEIUELAPEHRL e an
internal PAGEAEQn ifVeAMedtRYEIRE VAREL c6@Siskdg Which conprises: a) at |east one
cerami c elenment b) at |least one refractory netal elenent attached to said at
| east one ceramc elenent, said at |east one refractory netal elenent being
coated with at 4 etsast ongecerniiglenan resi stant coating, said coated
refractory nmetal elenent being forned, at least in part, froma sheet of

refractory met a})l) at l%él'st one refractory metal element attached to said at least one ceramic element,
said at least one refractory metal element being coated with at least one oxidation resistant
coating, said coated refractory metal element being formed, at least in part, from a sheet of

refractory metal.
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