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SOLI DI FI CATI ON OF AN ARTI CLE EXTENSI ON FROM A MELT USI NG AN | NTEERAL uoPg
MANDREL AND CERAM C MOLD RELATED APPLI CATI ONS Thi s application Is relate

to commonly assi gned co-pending 5 patent application Serial No.

08/538, 152, filed on COctober 2, 1995, Serial No. , filed on (Attorney
Docket RD-24,666), Serial No. filed on (Attorney Docket RD-24,667), and
Serial No. filed on (Attorney Docket RD-24,668), the disclosure of each is
hereby i ncorporated by reference. Field gt the ‘1nvention 10

This invention rel ates generally to a net hod for prow ding an integral
extension on an end of agoM § e g Is a nmethod for

provi di ng an extensi on ha asi tion on an end of
an article having a dire Tute and a superall oy

U
conposition, and yet nore partcha rret hod in which an end of
the article is used 15 as a growh seed in conmbination wth an integral

mandrel of a conpatible alloy for the directional solidification of the
extension directly froma nol tgﬂmmm;e of a-ceramc nold to
formthe extension. This_netho be used to repair the tips of airfoil
bl adi ng menbers, such asV '\‘%PBP'W@“?K&iié%‘ﬂ?ﬂc\?e?%‘“'&gmmsﬁ'gﬁgd \PRrRe8ingz 2| es
and non- ai §f oipatent apgsticatiors Béfial aNo. L08/538[152;5 filed Lohs Ootoberc2,N195] Seria No.

shi ngl es. Background gof .the Inven gy for grow ng
directionally -ur-i-em-‘e@ %3&1&0&“?@9??8*&%%&&?%%%&%@ evotved from
processes sui tfigdion for _nniAtegeyiDocket RIMEH667)aend Seriebdos_t o _proliledwas t hat
are currently used tQahohly abddket Hb-24,668), the disclosure of each is hereby

incorporated by reference.

10 This invention relates generally to a method for providing an
- integral extension on an end of an article. More particularly, it is a method for
providing an extension having a cdmpatible alloy composition on an end of an
~ article having a directionally oriented microstructure and a superalioy oo‘mposition,'
and yet more particularly, to such a method in which an end of the article is used
15 as a growth seed in combination with an integral mandrel of a compatible alioy for
the directional solidification of the extension directly from a molten a_lloy. with the
use of a ceramic mold to form the extension. This method may be used to repair
the tips of airfoil blading members, such as turbine blades/buckets as well as
vanes/nozzles and non-airfoil articles such as turbine shrouds and oombustor

20 shlngles '
The reported technology for growing directionally oriented cast
‘structures from superalioys has evolved from processes suitable for making
simple shapes and members to processes that are currently used to form articles
having complex shapes, such as the directional solidification of Ni-base superalloy
25 Dblading members used in the hot sections of gas turbine engines. The published
literature, such as Metals Handbook Ninth Edition, Volume 15 Casting, ASM
international (1988), pp. 319-323, has many exﬁmples of processes for making
directionally oriented, superalloy blading members, such as turbine blades and



havi ng conpl ex shapes, such as the directional solidification of N -base
superal l oy 25 bl ading nenbers used In the hot sections of gas turbine

engi nes. The published literature, such as Metals Handbook N nth Edition,
Vol upe 15 Casting, ASM International (1988), pp. 319-323, has many exanpl es
of processes for making directionally oriented, superalloy blading nenbers,
such as turbine bl ades and -2- vanes, Mbst of t hese processes utilize
sonme formof a w thdrawal -type vacuum f Aduct i on casting-furnace with nold
susceptor heating. In the art of casting to produce directionally oriented
superal | oys, vanes.d MusEeEtese puesses utiiye sonm forryaf aowithdrawal-iyps vaasm appl i ed

within a closg con jal, such as a netal, to

force the nol‘f‘glhé%%%f'é? %ﬁa&@ '?‘°'F%‘%%§h°m5§'ﬂ €. A patent which discloses
one such method and ass ticthatagdotzgagtingstoupsoduse dirsotionaltyeeriented 3mperalicys, r el at i ng
to conti nuous%meaemofsuana@un' ek ;{AQVWQJ 3haUHe%ﬂ$bpﬁed“ hih"P oot 1 NtO a

cool ed nol d cast ticle I's conti nuousl om the nold. 10

Anot her pot t i eantaner;tRca mplten feateral, Sishels ﬂt"ﬁetF's t9 dqree theymolten, material EFG
(Edge- def i nedy w‘arhmtflaﬁﬁxgﬁr@%ﬁa N PERAE which Hisalbsds 61¢ Stch Mt BAd 2l

pressure is applied to a | teri t llary action within a
narrow formn SP&'B@"&PPGPEJ lg\sﬂ H@%‘?’f’% ﬁ%gttﬂé” 'ﬁ‘ﬂi‘% csting of 5|
upwar dly for amhﬂillefumtdlpmmtﬁhecpmﬁng memteambdymlml Thescdshartioldused | nt o

the liquid to tﬂi’nﬁ& El-%v\‘g& Typi cal patents which disclose
features of t 'S pro ess nc ude Patents 3,471, 266; 4,120, 742 and
4,937,05310i n sone of tW@OﬂﬂBbmﬁPmﬂfeﬂ\em@mng@mﬁds estereagioras the t he

EFG (Edge-defined, Film-fed Growth) process. In that process, no external

pressure is applied to a liquid material, but capillary action within a narrow forming

tube or die is relied upon to draw the liquid material upwardly for solidification.

Frequently, a seed crystal is introduced into the liquid to initiate crystal growth.

1S  Typical patents which disclose features of this process include U.S. Patents
3,471,266; 4,120,742 and 4,937,053. i

In some of the above referenced patents and elsewhere in the

casting art relating to the formation of directionally solidified or single crystal

articles, seed crystals having selected crystal orientations (primary and/or

20 secondary orientations) have been used. They constitute a means for initiating
the solidification of an article ‘having a desired crystal orientation. In the formation
of blading members, the seed crystals are also used in conjunction with casting
forms, such as ceramic molds, to define the shape and crystal orientation of the
member.

25 Heretofore, the joining of components of single crystal or
directionally solidified elongated grain articles, including turbomachinery airfolls,
has generally involved the use of separately cast members of selected crystal
orientation. Such members are assembled and bonded into an article across an
interface between the members. U.S. Patents 3,967,355 and 4,033,792 are

30 representative of patents relating to this type of bonding, and the ‘782 patent
describes the desirability of matching crystal structures across the bond interface.

By using the casting technology described above, a directionally
gﬁented' article, such as a blp.ding member_, can be formed as a single crystal or



casting art relating to the formation of directionally solidified or single
crystal articles, seed crystals having selected crystal orientations
(primary and/or 20 secondary orientations) have been used. They
constitute a neans for Initiating the solidification of an article having a
desired crystal orientation. In the formati on of bl adi ng nenbers, the seed
crystals are also used In conjunction with casting forns, such as ceramc
nol ds, to define the shape and crystal'ﬁ%ientation of the menber. 25
Heretofore, the joining of components of single crystal or directionally-

solidified el enﬁaat aifocgomdlty sandmeal argstall sikictuel Bﬂnﬁﬂudwamlinﬁbwcmmﬁai I's, has

general |y | Gt A e el B0 b ol e BB 5 5 21
an Interface lpe&femem crystal narieptations, Lar@. theae corientalip8S MmaySbe fomhed, @BBIN792 are
30  represent %h}é@:héhfts Q@tﬁ‘sngépfo%héé ﬂiéo‘?rof:i%' %n&é&gﬁoéfielé?éu‘ghi@ces acrthe 792

patent describe e desira 0ss the

stru
bond i nt er facdnechgnical prapetties along FPM“ fisectings WW é‘@s@mpswt a9 desieed

directional | ycﬁfswr&ieﬁkaﬁdd inCmékel-Sklfehstﬁ:%rﬂo mu §&REfor mmeba\ iridr ed as
a single crysta

ectionally | di cr structure
conprising a ROPANeAts. 5‘!"’“05? L}ﬂ?é?g e&?rbegs Eoﬁﬁt éﬁ“hg‘Pg‘t r‘%}/\ﬁ‘a!
directional |y diettioni be patakie! to ttieelengmyinhleuis)ol][md mum&er.unm‘rde?rtednimmjzet al
ori entations, r Y, S SO as
to produce noﬁﬁggg%& 'g'gd‘ﬁugo%g@{h -T ewgﬁgg%ﬁgﬁ‘%"aﬁm %gmwgam cal
properti eslOal mrgviderat ghod dalance Dbribe wreepi strangth, cduetilty cand. thermeal datiguecd
crystal orient@iiafcd & théle pohaﬁ@ ?W%E&%&F@%Qmﬂeﬁ 4 86hchibda t ur bi ne

engi ne conponents, such as bl adi ng nbérs, |s that the <001>
cr yst al | ogr apmegeln. so that the <001> direction is the growth direction and oorresponds to the

longitudinal axis of the member.
An example of a blading member having a complex shape of the
15 type described above is the turbomachinery blade described in U.S. Patent
4,010,631. Such a blading member comprises an airfoil-shaped outer wall
having a complex hollow interior communicating with an end region, such that
gases can be circulated from the hollow interior through the outer wall and end
region for cooling purposes, wherein the end region comprises a tip that extends
20 from the end of the member. '

Airfoil blading members, and other gas turbine engine
components are frequently utilized in extreme environments where they are
exposed toa variety of environmentally related damage and wear mechanisms,
including: erosion due to impact by high-velocity and/or high temperature airborne

25 particles, high temperature oxidizing and/or corrosive gases, low-cycle fatigue
proeesses and mechanical abrasion caused by rubbing against other members.
These mechanisms are known to cause cracking and other damage, particularly
in the end regions or tips of the blading members. Because the manufacturing
costs for blading members are typically relatively high, it is often desirable to

30 repair rather than to replace them after the tips have been damaged or worn.
When superalloy blading members, or other superalloy articles having a
directionally oriented microstructure, are damaged in the tip or extended end
region, whether in operation or during manufacturing, the problem of thelr repair



direction be parallel to the Iongitudinal axis of the nmenmber, In order to
mnimze the elastic nodulus along the | ength of the nenber. This
orientation I's known to 10 provide a good bal ance of the creep strength,
ductility and thermal fatigue resistance of these conponents. Thus, these
menbers are formed, as described herein, so that the <001> direction is the
grow.h direction and corresponds to the | ongitudinal axis of the nenber. An
exanpl e of a bl adi ng menber having a coffpl ex shape of the 15 type

descri bed above Is the turbomachi nery bl ade described In U S. Patent

ﬁ 010, 531. Sulséboawﬁb:rfae I&Smtﬁmrarﬁcﬂmédlts Bécatibe df fﬁemdcegshﬁgeﬁmam.ﬁﬁ val Ih
avi ng a conplex nt e ni.ca a redgl on, suc
Chat gases. caRSIcal and eghasipel PRSRRR thite AT eer heh 6,555 SpaTBd ot or
wal | anﬂ end thegovernalf perfarmahéenof the pamgohentvh Ghisi problam embpangueaane@rrp%ses
atip that ex 0 r t he. ng, nenbers,
and gt her gasbﬁ]&gal'ﬁeacg%g‘_l%?g %g‘ﬁ“%gﬁbﬁ%{'gh a?%ﬂd%@{el MAJPFFF‘?@B‘ extrene
environneni s ihthedgepdired mnbnea@bdmuemlvedesmmeiwditﬂcﬁm pdentechaditley r el at ed
danage and wegge Y l§ ”ﬁeeahébc bPﬂie”&fﬂcﬁﬁ;PSf %liéﬂdﬁgttﬁe '°“§'a§'ts dihﬁtuo al

hi gh-vel ocity and/ or nper at ure ai rborne part
tenperature offigftatondn WGP“%P%PV@@&%?WF%W cycle fatigue processes

andhne_chanl cal Ebr asi ;)n m\%umemo@mgguhhimgagtaﬁ ﬁﬁtg@trbﬁ’éir aemi:_:mlaiblesel
mechani sns ar own_ to cau ot her dama el arly In
the end regi oﬁg 9? g’f cfcﬁg\aiﬁ%& ’hg‘e .°'B‘53'3u&§ﬂ?'ﬁ YR Xturl ng
costs for 10l adieldjlgzm‘oeimﬂaalpmebyf,nscalﬂ disadvamtagec by this qiiethod id shatfthen
desirable to f have
been danaged g@cra%ﬁnﬂ%gf]ﬁéeﬂﬁ éekrité%]ﬁ& J'M%?&%sﬁ%ﬁrﬁ% t%‘rfsrth[aﬁer&é@&elr al | oy
articles havi mgongn&sioémeuﬁmmx;enelpnm diminished @stcompaned &0 “&rfemalaﬂﬁ'gtd in the

tip or extendegh Giritsriaty Bflentadf WichRfrudtite OP tePdrich)  Atso (st amaw&a&hur' ng,
the problem Ofrestipﬁgllit rmater?a?s are difficult to weld, and have been known to crack during the
15 welding process.

Another method has been to add separately formed tips to the

end of an airfoil by brazing, welding, diffusion bonding or similar bonding

_ proceéses. This method is described, for example, in U.S. Patents 3,967,355,

4,010,531 and 4,033,792. Using such methods, it is sometimes desirable to

20 form a crystal structure in the tip that is similar to that of the remainder of the

airfoil, and' to develop ‘a microstructure in the bond that is compatible with the
microstructures of both the tip and the remainder of the airfoil.

" U.S. Patents 5,291,937 and 5,304,039, which are both assigned

to the assignee of this invention and are hereby incorporated by reference hereln,

25 also describe two methods for providing an extension on the end of a directionally

solidified article, such as a blading member. These methods both utilize a die

and a die extension made from ceramic materials, and involve applying a fluid

pressure to force a molten material into the die extension. The article end on

which the extension is to be formed is then placed into the die opening and die

30 extension and into contact with the molten material. The article end is held in

' contact with the molten material for a time sufficient for the article end to interact

with the moiten material, whereupon the article is withdrawn through the die

opening at a rate that permits directional solidification of an extension on the end



-4- pecones nore conplicated and difficult, because of the necessity of

mai nt ai ni ng physi cal and nmechani cal properties In the repaired portion that
do not degrade the overall performance. of the conponent. This probl em of
repair becones particularly acute when a directionally oriented

m crostructure nust be maintained 5 in the repaired portion, as Is

frequently desirable In directionally oriented articles such as airfoils,

~because of the difficulty of replicatingthe original directional
orientation In the materials used to nmake the repairs. One nethod that has

?ﬁendused 1; or of the aﬁi%léal?deicriblfitfrhb yRreR o HGw tHolé melhibas hﬁqrbet@eettldréﬁa&erl al to
e damaged o n ion.o simlar
processeg g‘agﬁ \V?:FE‘E%S& pBF'c't“ﬂ'I‘ys&ﬁléPﬁ%ﬁglqi@stﬁqﬁ%kgﬁgéqﬁi%r ostructure of the

wel d I's not d| recti onal IHoweverpiitt isjesiatile ttd develom othec methansl of pproyiding i es  of
the tip or ex [ e d t he
directionall y%g@ﬁgﬁ:ﬁkegﬁ%hgréélsdgr%?ﬁ%@gﬁ??ﬁ Q%LR‘FEBQ éﬁn&é '} Pdﬂérrent

oxi dat i on $ esimembers, paticylaryl methods that do pot reqyice thelaaparaina dhmetlm'eheknom to

crack during tfgrehded &ﬁb&s PEUcRdAoRS %eraﬁn@hiae&nan&s mn&aﬁ &HiCife lrlogdd
separately fornmed tip of .an airf a?%‘ razing, welding,
di f f usi on bon(ﬂ?’r?gpwgé'F‘Hﬂ"Sﬁs“@otﬁd?fﬁﬁ fae'@gsfe%teﬂ tQthedigod i s descri bed,

for exanple, In U S Patents 3, i DihGerfisd and 4, 033, 792. Usi ng such
e 1L SOt LA pb By € Ty PR L0,
a m crostruct extensiont ére aboenﬂ ohat superalloyparticip| kaviagt & ditestionally cientedt ur es of
both the tjoP FREroblificthfBdudiChs Of idfingi iMbér or other gas turbine engine
. component, or other superalloy article, directly from a molten bath of a
compatible alloy material, preferably a superalloy material. The article may also
have internal passageways communicating through the end of the article on
which the extension is to be added. An extension formed by this method may

15 comprise a microstructure of equiaxed grains, a directionally oriented crystal
structure comprising a plurality of grains or a singie crystal. Further, the method
may be used to provide epitaxial growth of an extension, such that the
directionally oriented crystal structure of the article continues into the extension.

An extension formed by this method is tade by dipping a directionally oriented

20 superalioy article containing an integral mandrel into a moiten bath of a
compatible alloy, such that the integral mandrel melts oompletely followed by
solidification of the extension by controlled withdrawal of the article. The method
also utilizes a ceramic mold on the dipped portion of the article and surrounding
the mandrel that serves in part to control the shape of the extension.

25 : in one embodiment, the invention may be briefly and generalily
described as a method for providing an integral extension on an article,
comprising the steps of: selecting an article comprising an extension end having
a cross-sectional shape, an extension bonding surface and an outer surface
defined by the cross-sectional shape, the extension end also having a

30 microstructure comprising a superalloy ooniposltlon and a directionally otiented
crystal structure; attaching a mandrel to the extension bonding surface, the
mandrel having a cross-sectional shape that is compatible with the cross-sectional




U S. _Patents 5, 291,937 and 5, 304, 039, which are both assigned to the
assignee of this invention and are hereby | ncorporated by reference herein,
25 al so describe two nethods for providing an extension on the end of a
directionally solidifled article, such as a bl ading nmenber. These net hods
both utilize a die and a die extension nmade fromceramc materials, and

I nvol ve applying a fluid pressure to force a nolten material into the die
extensi on. The article end on which the6extension I's to be formed i s then
placed into the die opening and die 30 extension and Into contact with the
nol ten nat er i siape Tdi@hé\ieiteoRbion @AE dnd 41Ebdtet Bufavat iAat comminicdies With tthe

material for a tinme sufficient for the article end.to Interagt with the
nol t en nateri%ll't?'. 'éﬁcguﬁéoﬁ'et fAtengiqn Ef@ °§th$(ffM°trﬁ\°rl%l?dﬁ' ?’We"'dﬁeé openi ng
at a rate thasurfase of the mandeat iand atileast@ pattidn ofthe outevsurface ofdhe exiensioon t he

e used v, LR EEFhSingh ARHE Gl VAR o e 50 0 o 68 o> ™
ext ended t§ psandthatiscadapted to definesthe share of andetparabextensinsy theemeld heving
provi di ng ext gNiasSnePFating tmétind tnatf coftiniutidatedniatrl theSrRbil Calitye dippingithe €S, such
as a blading -5 nmenber s, Rartlcu arly nethods that do t require the _
appar at us des&¥iepgiop epd (of dhe articia.iniq. 3~ bath of @;molten, apﬁé""ﬂ% A A1Y i ¢ and
di e ext ensi oncompasitioncthatcia campatible with \the) gupdratiogt qompesitisreoft thefaticte sb he .
venti on des e St MatehCiefar FpaRy e/ il thidioh BBl ek o8 6 o
super al | 00 ar thectnandral ihalging the meandred im contacs withrthe anolten materiat fnrta timeur e,
such as a bl ad|figente ubw Fe Mahirel B mblidd B4Rk 35'8bSIR the extension bonding
surface, the melted mandrel intermixing with and becoming partt of the molten
material, the holding time also sufficient to allow the extension bonding surface to
be heated by and interact with the molten material as a microstructure growth
15 seed; and withdrawing the extension end from the molten material under
controlled thermal conditions and at a rate which causes the molten material to
solidify on the growth seed at an interface between them as an integral extension
that conforms to the shape of the mold cavity and has a microstructure that is
compatible with the microstructure of the extension end, the controlied thermal
20 conditions compﬁslng maintaining a temperature gradient within the article such
that the temperature is highest at the interface and decreases within the article as
a function of increasing distance from the interface.
' in a second embodiment, a preformed ceramic mold may be
' utilized, rather than forming the ceramic mold in situ, which eliminates the need
25 for forming of the ceramic mold.
Control of the temperature gradient during solidification of the
extension permits control of the resulting microstructure of the extension. For
example, to form a microstructure comprising a plurality of directionally solidified
grains, or a single crystal microstructure. Additionat control over the temperature
30 gradient during solidification may be accomplished in this method by employing
the additional steps of heating and/or cooling the article during growth of the
extension.

Brief Desoription of the Drawings



‘conmpgonent, or other superalloy article, directly froma nolten bath of a
conpatible alloy material, preferably a superalloy material. The article
may al so have internal passageways conmuni cating through the end of the
article on which the extension is to be added. An extension fornmed by this
met hod may 15 conprise a mcrostructure of equiaxed grains, a
directionally oriented crystal structure conprising a plurality of grains
or a single crystal. Further, the nethod -may. be used to provide epitaxi al
growt h of an extension, such that the-directionally oriented crystal

structure of the articl Egqns ameaidghind ity beRbRG oAfisaeRRin, On f or ed
y this method i s made i_ppi ng i rectian ori.ente super al | oy
article containing an i %@glzgl a'ﬁ’a?ér’é‘f s?‘f%{"agla‘ﬁﬁﬁp@ﬁ i ﬁmedge étet?ﬁrf’gati bl e
al | oy, such t astachingethe mhagirel) formingtied ceraimicsmokdjrpdspéatively,l adcomiivgdtobthe

solidificatio t Lon by controlled wi thdrawal of the article.
The net hod al gnoe%otdﬁﬁgig)sﬂvgﬂid& amc nold on the dipped portion of the

article anl surroundi ng FighSAdiaadectonatview obary apparatugadapteddo peasticeothet he
shape of the ‘?ﬁﬁtﬁgﬁw{ﬁe &FTent invention lllaustradnﬂ thE tdp HIORKIARG an driie I ¥eNt i On
may be brleflxgan generaqwg escri ped as a nmet hod for'grgV|d|ng an
i ntegral ext et Rpiteq supgraljoy materia i accordance with i jgvetion. se| ecting an
article conprising anf emigz,rma'dmaneaaifh?wsmﬂggme@rﬁﬁéﬁbﬁgﬁ:\,%ﬁﬁ@ an
Cr 085 sect  ondhe Sk St wikdra@ag 1B afidh ool ren KirerBl. Bipotoipnep At it ur e
conpri si ngoa dbipdnvahfiamy conposition and a directionally oriented crystal
o) by e . S § 3k Boklf AR LR B PRk
Cr oss- sect i onaangine, ingluding the extension end or blade tip.
' Fig. 5is a fragmentary' diagrammatic view of a repaired airfoil,
-shown with an extension formed aécording to the method of this invention,
15 including a plurality of elongated grains. . :
Fig. 6 is a fragmentary diagrammatic view of the blade. tip portion
of one example of an air cooled turbine blade. ' ,
Fig. 7 is a sectional view of a portion of the blade tip of Fig. 6,
taken along section line 7--7. |
20 Figs . 8, 9 and 10 are diagrammatic sectional views Hlustrating
one embodiment of the steps of the method of the present invention on a
partiafly holiow article.
Detalled Description of the Invention
The present invention comprises a new method by which an
~ extension may be grown dimétly on an end of a directionally oriented, superalloy
25 article, through solidification of the extension from a molten bath of a superalioy
material. This method also utilizes a ceramic mold, and an integral mandrel of a
compatible alloy that is attached to the article and contained within the mold, to
assist in forming the shape of the extension. Through use of the article itself as a
seed or means for Initiating growth, the method may be used to provide an
30 extension with a crystal structure and overall microstructure that is compatible with
and continuous with that of the article, including an extension having a
microstructure that is generally indistinguishable from the metallurgical structure of



shape of the extension end and an-outer surface that communicates wth the
outer surface of the extension end; formng a ceramc nold over the outer
surface of the mandrel and at |east a portion of the outer surface of the
extension end, the nold having a nold cavity with a shape that is defined
by the mandrel 5 and that |Is adapted to define the shape of an integral
extension, the nold having at | east one_gating neans that conmunicates with
the nold cavity; dipping the extension” 8nd of the article into a bath of a
mol ten material having an alloy conposition that is conpatible with the
super al | oy compastidie romowhith ¢theasxtersion isqrovmat Theamethdd may rbet dtilizéd teent er s

th ld th ' .. halding th
mndr el i n oo bt eRtedtd oiREE sl oo el ot Topaca oY pfiensidh®, o' D) o
t he mandrel tWhilepotehtiallyl usefullon @ wideoarietyraf agticlesntheanetherhofi thg invenfierce, t he
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growth 15 segfd odWhich ihBCUxiéNsiBG i tu%bex&:emal OThu@ thid friethokile pawchlaﬂy mat eri al
under controll eq t.he conditio SS@ &{"@ Fﬂ?h‘? whi.ch ca ses e nol t en

material to sB?ﬁ'flf?’y‘{’B?I“Q REreRRigNg thedips of airfoll b dpgrabess, sy ﬂeem as an
I nt egral exteblmdesy that conforns to the shape of the nold caV|ty and has a

mrostrueture Uhat | QTR ik, Y o rBf S o fnls R o1 1

frons °co
t enper at ul@ ghecoverall crystalimerphiology, such |ag assingle pwalal. ip!eeelma@adwrems S

hi ghest at t Ngnd BirgF CPERl B, 4RE A SHRnMraL "THe Ve ‘drblindly chehiderG! | on of

I ncreasing di stance fromthe Intferface. In a second, enrbodi nént, pr ef or med

ceram c nol d rdigectenal grientalion] or similge.terms, raferitg stiongly qriented Srystal M'@F-I n situ,
whi ch el i m nauriudingedirecwohafipsolitiitied belwrystaﬂﬁ sthidtturéscomprisingal plurafigrgsr ol of

the t errper atur ﬁmgatetgI ' erI]t'%s gn%s'irr\]g(?e gglst'a | f'i’hc 118 mmgtalu}r&gal structure”, as used
15  herein, is intended to include such characteristics as overall chemical or alloy
composition, and the size, shape, spacing and composition of precipitates,
phases, inclusions, dendrites, etc. within the crystal structure. For example, Ni-
base superalloys that are cast and directionally solidified generally include
gamma prime precipitates, spaced dendrite arms and various other
20 distinguishable phases, such as various carbide and carbonitride phases. The
crystal structure and metaliurgical structure can be determined and identified by a
vatiety of known and widely used analytieal techniques including chemical or
spectrograbhlc analysis and various x-ray, microscopic and photomicrographic
methods. The term *microstructure®, as used hereln, oomprehends both the

25 crystal structure and the metallurgical structure.

As lllustrated In Figs. 1, 2A-B and 3A-B, the present invention is a
method for providing an integral extension on an article, comprising the steps of:
selecting 100 an article 2 comprising extension end 4 ha((lng a cross-sectional
shape, extension bonding surface 6 and outer surface 8 defined by the cross-

30 sectional shape (not shown), extension end 4 also having a microstructure
comprising a superalloy composition and a directionally oriented crystal structure

- 10; attaching 200 mandrel 12 to extension bonding surface 6, mandrel 12 having '
a cross-sectional shape that is compatible with the cross-sectional shape of



extension permts control of the resulting mcrostructure of the extension.
For exanple, to forma mcrostructure conprising a plurality of
directionally solidified grains, or a single crystal mcrostructure.
Additional control over the tenperature 30 gradient during solidification
may be acconplished In this nmethod by enpl oying the additional steps of
heating and/or cooling the article during growh of the extension. Brief

Description of the Draw ngs -7- Fig.gl I's a flow diagramillustrating
the method of this invention. Figs. 2A and 2B are sectional views that

illustrate the steps of attaching the mandrel, form t he ceramic nol d,
respectively, ’&E‘ﬁ'}gﬁ? 4 apd ppter ﬁ?ﬁd“cfhatt?ﬂng“‘f%?t‘{’\ﬁ'wm%' surface 8 of
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enters mold 16 through gating means 22 and contacts mandrel 12; holding 600
10 mandrel 12 in contact with moiten material 26 for a time sufficient to allow
mandrel 12 to be melted back to about extension bdnding surface 6, the melted
mandre! intermixing with and becoming part of molten material 26, the holding
time also sufficient to allow extension bonding surface 6 to be heated by and
interact with molten material 26 as a microstructure growth seed; and withdrawing
15 700 extension end 6 from molten material 26 under controlled thermat conditions
and at a rate which causes molten material 26 to solidify on the growth seed at |
an interface 28 between them as integral extension 20 that conforms to the
shape of mold cavity 18 and has a microstructure 29 that is compatible with
microstiucture_ 10 of extension end 4, the controlled thermal conditions
20 comprising maintaining a temperature gradient within article 2 such that the
temperature is highest at interface 28 and decreases within article 2 as a function
of increasing distance from interface 28. |
The step of selecting 100 comprises chooslng an article 2 on
which an extension is to be provlded. This may include selecting 100 a newly
25  manufactured article that does not have an extension, or one which requires
addition to or modification of an existing extension. it may alsb include selecting
an article having an existing extension that has been used in an application, such
as a turbine engine, and which requll;es modif!caﬁon. replacement or repair of the
existing extension. An article 2 of the present invention may comprise many
30  useful forms, but may be characterized most generally as having extension end 4
. on which an integral extension 20 is to be formed having a cross-sectional shape,
extension bonding surface 6 and outer surface 8. In the case of many useful
embodiments of superalloy articles 2, such as gas turbine engine components,



Fig. .6 is a fragnentary di agrammatic view of the blade tip portion of one
exanple of an air cooled turbine blade. Fig. 7 Is a sectional view of a '
portion of the blade tip of Fig. 6, taken along section line 7-7. 20

Figs.. 8 9 and 10 are diagrammatic sectional views Illustrating one

enbodi nent of the steps of the nethod of the present invention on a
partially hollow article. Detail ed Desqgly pti on of the Invention The present
| nvention conprises a new nethod by whiCch an extension nmay be grown
directly on an end of a directionally oriented, superalloy 25 article,

t hrough sol i dirfidle 2twilh havsf a gheeraldorgitudipal drieptation, rsuth a8 abeutia lofigitudinaber al | oy

material . Thi O Uiid 2 Al , mandr el
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mi crost r uch ur%"eif’ﬁ'ﬁ? eWE"%@ﬂ?J'&ﬁ"%F% AmeRsesa E'ﬁ?. 8 %bﬂ?sa Sﬁ’ﬂgﬂﬂ‘f%e&f" t he
article, inclshdifogn oh tarbineridaden42,0as shown in Eigss #randt 6ir cTurities bladegémer al | y
| ndi stingui sh t I ' ' g whints an e article
fromwhich t h‘(%%epgits é%gggn&??%%ﬁﬁl%egﬂ%ﬁé#hgaggg 4S't Wlftgg%rr{sgg ?le new
ext ensi ons ontosbase end B2| trans sastion 34i and exienpioncndcski respacivelyt ahsi ons.

Wil e potentigidwh iSPigs! sRNard 48.9eBYGY 48inay had Haﬁ? §8mms, bt ‘Jehévally of this
invention |Is particularly useful in providing an extension gn an article
havi ng a bl | 8%‘9’1??% @i ngan for attaching blade 42 to gther portions of a turbine engine
such as a disk or blisk. Where blade 42 is adapted for use with a turbine disk, it
generally comprises features such as a shank 44 A and dovetail portion 448 for
making such attachment. ~ Base 44 may also comprise a means for
communicating with a hollow interior defined within the airfoil section, such as
15 intemal passageways or channels 44C. Airfoll section 46 of turbine blade 42 is
well known, and generally comprises concave pressure sidewall 46A, and convex
suction sidewall 46 B that connect leading edge 46C and chordwise spaced
tralling edge 46D, and blade tip 48 that interconnects these elements at the outer
end of the blade (see Figs. 4 and 6). Ailtfoil section 46 also frequently has a
20 partially hollow Interior 46E, that communicates with internal passageways 44 C in
base 44 for the purpose, in use, of circulating'a cooling fluid, such as alr, from
base 44 into altfoil section 46. This partially hollow interior typically comprises
sermpentine or labyrinthine shaped cooling channels 46F that communicate with
the exterior of alrfoil section 46 through p_assages-or holes 50. Cooling channels
25 46F also frequently communicate with end wall 62 in the form of a plurality of
small passageways 74 or holes through end wall 62. Passageways 74 are also
used in the context of the use of article 42 in conjunction with the flow of a
cooling fluid, such as air. Blade tip 48 is at the end of airfoll section 46 away from
base 44. Referring to Figs. 4, 5 and 6, blade tip 48 may be solid (Fig. 4), or it
30 may comptise an end wall 62, and a peripherally extending rim 58, where rim 58
is typically on the order of 0.02-0.15 inches thick, and extends 0.02-0.25 inches
beyond the outer surface of end wall 62, with the thickness and length of the
extension depending on several factors, including the overall size of blade 42



5 and openings or passages comunicating with the hollow interior through
the end on which the extension Is to be forned. Thus, this nmethod Is
particularly useful for formng or repairing the tips of airfoil blading
menbgrs, such as turbine blades. As used herein, the term"crystal
structure Is Intended to nean 10 the overall crystal norphol ogy, such as a
single crystal, .multiple elongated grains and other crystal fornms, and
their orientations. The terns "directionally oriented”, "directional

orientation” or simlar terns refer to strongly oriented crystal
~structures
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ext ensi on end metiwidsaf thisvinvaytian i Extemsion thmdhg surface 6 may have any suitable

15  shape or size, including planar or non-planar shapes, depending on the desired

. shape and size of the required extension. Because this method is preferred for
growing integral extensions 20 on airfoil blading members, a preferred shape
would generally comprise the cross-sectional alrfoil shape lllustrated by rim 58 of
blade tip 48, examples of which are shown in Figs. 4-6. Extension end 4 also

20 comprises outer surface 8 that may be any suitable shape and size. For alirfoil
blading members, outer surface 8 corresponds to airfoll surface §3, which
corresponds to the generally complex surface of curvature described by pressure
sidewall 46A and convex suction sidewall 46 B that connect leading edge 46C
and chordwise spaced trailing edge 46D.

25 A selected article 2 also has a superalioy composition-and
directionally otiented crystal structure 10. As used hereln, the term “superalioy” is
defined as any heat resisting metal alloy that is adapted for use above §40°C,
and that may be processed so as to form a directionally oriented crystal structure.
This includes Ni-base, Fe-base or Co-base superalloys, such as are well-known,

30 and described, for example, in Metals Handbook Tenth Edition, Volume 1
Properties and Selection: irons, Steels, and High-Performance Alloys, ASM
international (1990), pp. 981-984 and 995-1006; which describes many castable
superalioys, and speciﬂcally ‘Ni-base superalloys that may be directionally



conprising a superall oy conposition and a directionally oriented crystal
structure 10; attaching 200 mandrel 12 to extension bondi ng surface 6,
mandrel 12 having a cross-sectional shape that |Is conpatible with the
cross-sectional shape of -9 - extension end 4 and outer surface 14 that
comruni cates with outer surface 8 of extension end 4; formng 300 ceramc
nold 16 over outer surface 14 of mandrel 12 and at | east a portion of outer
surface 8 of extension end 4, nold 16.h&%rng mold cavity 18 with a shape
that is defined by mandrel 12 and that is adapted to 5 define the shape
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oxidized or damaged turbine blades, article 2 may optionally have a portion of

extension end 4 or blade tip 48 removed to facilitate the addition of new material
according to the method of this invention. This is illustrated in Fig. 1 by the

15  optional step of removing 150 a portion of extension end 4 prior to attaching 200
mandrel 12. For example, it may be desirable to remove heavily oxidized
portions of a turbine blade tip to enhance the interaction with the molten material
in the subseduent steps of the method. Where extension end 4 is blade tip 48, it
may also be desirable to remove a pottion of blade tip 48 in order to give the

5.0 remainder of the tip a more uniform length or cross-section, and thereby, for
example, provide a flat surface at the end of a turbine blade tip when the up is
inserted into the molten material, thus providing a more uniform surface on which
to solidify the material which is to form the extension. Material could also be
removed from an existing article, Such as a turbine blade tip, in such a manner so

25 as to provide a non-flat surface (e.g. sawtooth patters, stepped patterns or other
non-flat surfaces) at the end of the blade tip, and thus provide a non-uniform
surface on which to solidify the material which forms the new tip. Any suitable
material removal method may be used, such as grinding, sawing, machining,
etching or other suitable material removal methods, provided that mechanical

30 damage is avoided which could promote nucleation of a new grain structure
during heating of the end of the article. :

After selecting 100 and any optional removing 150, the next ste

is the step of attaching 200 mandrel 12 to extension bonding surface 6. Mandret



20 conprising maintaining a tenperature gradient wwthin article 2 such
that the tenperature |Is highest at Interface 28 and decreases within
article 2 as a function of increasing distance fromlinterface 28. The step
of selecting 100 conprises choosing an article 2 on which an extension is
to be provided. This may include selecting 100 a nemy 25 manuf act ur ed
article that does not have an extension, or one which requires-addition to
or nodification of an existing extenqu@u It may al so include selecting an
article having an existing extension that has been used In an application,
such as a turbine engine, and which requires nodification, | acenent or
repair of thel2faytcamprisatanyssuperaliny that scrempatible with ﬁ#%l?ﬂt ondlingnt i on may
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transition sectlon ext ensi on end 4, shown Figs. 3A and 3B. In
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ext ensi on endsame compesitionvesl micrastructure as article 2. Attaching 200 may comprise
attachment of a preformed mandrel using any suitable attachment means, such
as a diffusion bonding process, to bond a preformed alloy mandrel. Further,
sufficient superalloy material for mandrel 12 may be added to extension bonding -
15 - surface 6 in a rough form, and then mandrel 12 may be formed from the rough
form using known material removal means suitable for the removal of the
mandrel material utilized. As an example of attaching 200, mandrel 12 may be
spray formed onto extension bonding surface 6 using known means to make a
~ rough form sufficient to form mandre! 12. Mandrel 12 may then be formed from
20 the rough form using suitable known material removal means. The material used
~ to form mandrel 12 may be any superalioy material that is compatible with molten
material 26, and which may be melted back to extension bonding surface 6
during the steps of dipping 500 and withdrawing 600. Mandrel 12 has a cross-
. sectional shape that is compatible with the cross-sectional shape of extension
25 end 4, as shown in Figs. 4 and 6. Generally, a compatible cross-sectional shape
may comprise the same cross-sectional shape as that of the éxtension end. In
the case where atticle 2 is an airfoll, the cross-sectional shape of mandrel 12 may
be an airfoil shape of the same size. However, it may be desirable that mandrel
12 have a cross-section that is the séme general shape as that of the extension
30 end 4, but of a larger size, In order to form a larger ceramic mold during forming
300. An oversize mandre! 12 would produce an oversize ceramic mold 16, which
would in turn result in an oversize extension. Such an oversize configuration
might be utilized if it is desirable to perform material removal or surface finishing



shown in Figs. 3A and 3B. Base 44 may have many forms, but generally 10
conprises a neans for attaching blade 42 to other portions of a turbine
engi ne such as a disk or blisk. Were blade 42 |Is adapted for use with a
turbine disk, it generally conprises features -such as a shank 44 A and
dovetail portion 44B for making such attachnent. Base 44 nmay al so conprise
a nmeans for communicating with a hollow Interior defined wthin the airfoil

section, such as 15 internal passageways. or channels 44C. Airfoil section
46 of turbine blade 42 is well known, and generally conprises concave
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| ncl udi.ng the omeesaﬁdoesa togethdr foimad @oritiuous, or nearly continuous sutface, or there
| 15 may be a discontinuity between the surfaces, as where mandrel 12 has a
' different cross-sectional shape or size than that of extension end 4, as ‘described
above. In the case of a discontinuity between these elements, outer surface 14
of mandrel 12 still communicates with outer surface 8 of extension end 4, albeit
by a surface feature of different geometw. such as a shoulder, necked-down
20 region or other surface that interconnects or joins these surfaces. Mandrel 12
also has a length (L), as shown in Figs. 2A-2B. For mandrels used to form
extensions .on airfolls, such as buckets or blades, mandrel length typically will
range from about 0.02-0.25 inches, which corresponds 1o the typical range in

lengths of blade/bucket tips. |
25 After attaching 200 mandrel 12, the. next step is the step of
forming 300 ceramic mold 16 over outer surface 14 of mandrel 12 and at least a
portion of outer surface 8 of extension end 4, as shown in Figs. 2A-2C. Ceramic
mold 16 may be formed by any method that is compatible with mandrel 12 and
extension end 4. Ceramic mold 16 should be formed over a- sufficient porttion of
30 extension end 4 to ensure that mold 16 will not detach from extension end 4
during insertion of mold 16 into molten material 26, as described herein. Known
methods include forming 300 ceramic mold from a slurry and thermal spray
forming. Ceramic mold 16 may be formed from a slurry by dipping and



(gas_turbine buckets generally being nmuch | arger than Jet engi ne bl ades)
and the |ocation of blade 42 within an engine. Larger buckets typically
having thicker rinms than those of the smaller blades. Blade tips 48
frequently becone worn or danmaged in service, as described herein. Thus,
the nethod of this I'nvention may 5 be used to repair an extension end 4
generally, or blade tip 48 in the case tur bi ne bl ade 48, by adding an
i ntegral extension 20, whether in the Tofmof a solid extension or the
extension of a peripherally extending rinmonly. In a selected article 2,
ext ensi on endwithdrawing mandset 12 and extersionsérape intdhatslunyyorthy sprayingsa Slutry
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| eadi ng edge 4is0 seel tc lbnsuevsaiticientadherencenof| the gerachipemdiafiat to the extension
end during dipping 500, holding 600 and withdrawing 700, in addition to ensuring
15 sufficient mechanical strength of the mold during each of these steps, and may
also involve other compatibility considerations. Mold 16 has a mold cavity 18 with
a shape that is defined, and initially occupied, by mandrel 12, as described
herein. The shape of mold cavity 18 defines the shape of integral extension 20.
Mold 16 may exist as one continuous piece, or a plurality of pieces, depending
20 on the shape of mandrel 16 and how ceramic material is applied during forming
300. Mold 16 also has at least one gating means 22 that communicates with
mold cavity 18. Gating means 22 permits molten material 26 to enter mold 16
and contact extension bonding surface 6. In one embodiment, gating means 22
may simply be an opening in the end of mold 16, generally having the same
25 shape as the cross-sectional shape of extension end 4, as shown In Figs. 2A-2B.
in another embodiment, gating means 22 may be a restricted port, that serves to
control or direct the flow of molten material 26 into mold cavity 18, similar to
gating means used in the various casting arts. Gating means 22 may be formed
during forming 300, such as by adapting mandrel 12 prior to forming so as to
30 provide such a means during forming. For example, the mandrel could
incorporate a feature that would form gating means 22 during forming 300, or a
member could be added to the mandrel to provide gating means 22 during
forming. Gating means 22 may aiso be formed by incorporating a material



25 A selected article 2 also has a superall oy conposition
and directionally oriented crystal structure 10. As used herein, the term
"superalloy Is defined as any heat resisting netal alloy that is adapted
for use above 540[err]C, and that may be processed so as to form a
directionally oriented crystal structure. This Includes N -base, Fe-base or
Co- base superalloys, such as are well-kgown, 30 -and described, for
exanple, in Metals Handbook Tenth Edition, Volune 1 Properties and

Sel ection: Irons, Steels, and Hi gh-Performance Al loys, ASM I nternational
(1990), pp. GETOR) Stop s g aloloEming 300, sgcak 19 BRYD ﬁawsemun@ the

sgpz)er al : ogsf mdtdiret REcH &p@a&d meMeratmenmt eltoahhﬁdfslhtzhaﬁd éﬁdrltdﬂﬁl éhid gctional ly
- solidifiedq or r crystals su a S are
el y i ot by deieg & iegar MY, To e sy Bresartii) ciBa R GONEMBRL ot o) o
super al | oys welidfdmedamso 361 c Codtaninaph reliefpmearisuBé isl adaptedt toaprexent thet

present | Ys r ef rcial
use for bl ad ﬂéﬁ@n{‘} faccbn% | cé‘@l g{ﬁps"ﬁ rrs\ﬁlgﬁlsgéﬁng%\mb basgégg(???ﬁ)—m

all oys, Incl lﬁﬁoné‘OmgTﬁﬂ(hIOF w@dmgr 7Oqu Gontaspinanty dnayeinclude entrappedy) | oys.

Superal | oys i ghsbé)i gxides ok ﬂi@alﬁb%@ndﬁﬁbénis%'dé%h&@ﬁ&@clé& b%’e'iaﬁmi&&ﬁol&%t ain
|ntr|nS|caIIy or extrinsical st rengt heni ng

conposi tes of CAyBIngNy relief ’t“ﬁ o g@)rﬁ%’[ flse,be, ‘f?ﬂ%’apl 9°'P (ﬂ"ﬁ@d‘hEép&hPE
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have exi'sti ngfﬂlsﬂltwithsfhdm metalc26, as shown in bigs.028.cd may compeiged plurally ot bl ades,
article 2 mys&ﬁtfésﬁﬂéh' %u@ﬁg%aﬁs nﬁwgfeqarggdrge“ Sc]'léjﬂmﬁél'%‘{h&ﬁ dsbage tip 48

renoved to fa |tatetea t1on n
form gating means 22

For cases where a large difference in thermal expansion

15 coefficient exists between the metallic article and the ceramic, an optional
addition to the processing may be beneficial. After attaching 200 mandrel 12,
and before Forming 300 ceramic mold 16, a coating may be appliéd 350 to
mandrel 12 and extension end surface 8. This coating is temporary and is used
to create a gap betwéen metal and ceramic at least equal to the difference in

20 thermal growth of the metal within the ceramic, to ensure that the metal does not
generate stresses which would fracture the ceramic during heating. The coating
is to be removed 375 after Forming 300 ceramic mold 16 (not shown). A coating
thickness of about 0.001 to about 0.1 inches may be suitable, depending on the
size of the article and the difference In expansion.

25 in another embodiment of the method of this invention, the step
formihg 300 the ceramic mold may be replaced by a step of attaching 400 a
preformed ceramic mold 16 * over at least a- portion of outer surface 8 of
extension end 4, preformed mold 16 * having a mold cavity 18 ' which at least
partially encloses extension bonding surface 6 and is. adapted to define the

30 shape of integral extension 20, as illustrated in Figs. 8-10. Mold 16 * will
preferably be a fully dense, sintered ceramic. The requirements of preform
ceramic mold 16 * are essentially the same as those for molds formed in situ, and

_ described herein, and such molds 16 ‘may also be made from the same ceramic



according to the method of. this invention. This is illustrated In Fig. 1 by
the 15 optional step of renmoving 150 a portion of extension end 4 prior to
attaching 200 nmandrel 12. For exanple, it may be desirable to renove
heavily oxidized portions of a turbine blade tip to enhance the interaction
with the nolten material In the subsequent steps of the nethod. Were
extension-end 4 |Is blade tip 48, it may al so be desirable to renove a
portion of blade tip 48 In order to givé7rhe 20 rermainder of the tip a
nore uniformlength or cross-section, and thereby, for exanple, provide a

flat surface ahatbdids.crrtefRtmambidr{s NwitbhioccomipissVet Nedstnki gating thesner t ed
into the nolten_nat

pal . . th | di i f f whi ch t
ol i di fy the FAPERFERUGH OB GARY 1f': Budh B8 A A% Mot ®aliied ol oo
be renpved fr cuckas axéatamioan relie€ means 881 Mold 16 (intayrbe foreetbusingpwell-n such a
MANNer SO 25 yadgnt Corkl Vh%ﬁmo%];lr‘%fahﬁraﬁ}% 2CPrds dn(?y%\g%%t)mn%fa erns,

stepped patterns or other non-flat strfaces) at the e e tip,
and t hus pdoviatachedorextansionand 4 vsing anbsuitahiedneans faoattaghing: sush agw@ner i al

which forms t hgteR8NnkP - it \Bdy SitinbaP lof mdthBhicall attRNmeal dBRES; dhdBisebsr Used,
such as grinding, saw ng, machini ng, etchlsgg“aor ot sui tabl e, mat eri al

er
renoval met hodkeTapieRIp $iygies, ang d Y& psany, spabigation cn
coul d pronot e theebt;alepending on the\propetiias of thecteramicdand the Mmetllicngticlé. t he end

Step 1s the ot bl M ARl YeIBR S T oxt enston bondi ng’ surtace
6. Mandrel10 -13- 12 nayheongthed of dhis ipvention| ingydashfaatures gwtfeundoire wit h
ext ?”;‘e‘)gdgg?gﬁ%ﬁtﬁ hridBRdE of RYmingTpérkiy dxtdhsiohd, dush BB AWse daddrivBR B € 12
_ U.S. Patents 5,291,937 and 5,304,039, that yielded unanticipated benefits over
the prior method. For example, the method of forming the mold does not require
the separate manufacture of molds and dies for each different size and shape of
15 the desired extension. Thus this method offers flexibility to easily adapt to
changes in the design of the desired extension. Further, this method permits the
mold cavity, and thus the extension, to be indexed to the extension bonding
surface by adjusting the size and shape of the mandrel, and how it is positioned
relative to the extension bonding surface. Further, it Is possible to form the mold
20 so as to cause the mold to cover features, such as passageways, that
communicate through the extension end to the interior of a hollow article, such as
a blade, which avoids the necessity of the use of sacrificial or barrier materials
during the formation of the extension. Additionally, using this invention, it is.
possible to control the entry of the moiten material into the mold through the
25 gating means, thus pmvldihg a means for controlling the way in which the moften
material Is introduced to the extension bonding surface, and hence the
interaction of the molten material and the extension bonding surface as a
microstructure growth seed. ~ Also, the mold of this invention may optionally
incorporate a contamination relief means to avoid the e'ntrapment of gases or
30 . other contaminants in the mold, and the resultant extension, which is an
advantage not recited in related art methods.
Referring again to Figs. 1, 3A and 3B, following the optional step
of sintering 250, the next steps are the steps of dipping 500, holding 600 (see



t hat attaching 200 does not cause interaction with the superall oy of
article 2, particularly in the region of extension bonding surface 6, that
would interfere with 5 the other steps of the nmethod, and particularly
with,the interaction of extension bonding surface 6 as a m crostructure
grom h seed in nolten material 26. Al so, conpatibility requires. that
mandrel 12 be formed froma superall oy naterial that may be attached to

ext ensi on bondi ng surface 6, and that t B -neans used to make the attachnent
be sufficiently durable to withstand the step of form ng 300. 10 Mandrel

12 may forrpr | FRy. BAY a«‘atﬂ mﬁ{dﬂﬂlﬁg 0P qsed F@y ,Zaaagobmﬁgi 500 tcoliipriSes! piacig e :
conposition or r os ct.u achin conpri se
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orned

from the r#8&uglextension QQM\'@S m ﬁwa@iﬁphﬂlmpéﬁﬁbﬂﬁhemmt% gontagy |betwesn t he

removal of theyERaeh %hd rla&rﬂf inBherlnaterigest, sheh &at wmlmm haht ﬁ&{sté?g 200,

mandrel 12 may be s fornmed onto extension, bo n rface 6 u5|ng known
means to make Mechan] PS?% fqecﬁeﬂ'ﬁfraf‘ﬁepbram"%a "lﬂg qg" ulagly fxtension 12 . nay

t hen ble forrrmtnfT:mrnp?@y bbgirs tw@tofai:;pfoadﬁlmtmﬂefathbébf vitom matdrial 261 .
renoval neans. e [l a [ ! a er all o
mat eri al that QIg;n%:%éq? W?V@Fﬁe‘%@h‘ﬁ‘ﬁmﬁ*g&@? %’ %bm ed‘lg@ﬁ eé% %35 d
mel ted back t onatenematedal 28 taliandesired fdapth hatiwili vayy tdepending on oiurrarcmsl ng 500
and Wi Ldr aw G OinoldBRG 6 ndtird'6ing aRicR stich 38 ts!s8Hnd H8P Eork Cﬁbgmo

t as shown

conmpatible w e crosS-sectional sh ext ensi on
in Figs. 4 andhelerpaseineg efymolten palgtal; %"dc%s":?“g%ﬁtpﬂ rP&Ie"?ﬁﬂB‘é il
CErmr i se me S(argnta ﬂ?f (e?&gusS&@tdgﬁéatfilra?%)ll’ll@ﬁ&eﬁ&hé Afaidinfim am gthﬁgagmnd In
e e A a3 s B R g of e RS o8 B 8% £ 1
desi r abl e tshattaking ditelaccount factors such as those noted. Dipping 500 may be done in
any desired manner, either by step-wise, virtually instantaneous immersion to the
desired depth, or by slowly ramping the rate of descent, or any other suitable
method of dipping 500, including combinations of the methods described.
_ Molten material 26 must have an alloy composition that is
20 compatible with the superalloy composition of the article. Molten material 26 may
' be provided using any of a number of known methods, such as resistance
heating, induction heating, electron beam heating, laser heatlhg or other suitable
methods. The heating may be done in any suitable apparatus, such as a
ceramic, water-cooled copper (as illustrated in Fig. 3A and 3B) or refractory
25 crucible. Such heating for most superalloys will preferably be done in a protective
atmosphere such as argon, or in vacuum. The preferred method of providing
molten material 26 of Ni-base alloys is to use a known induction heating means
13 and water-cooled, copper crucible 15 or ceramic based crucible for heating,
and to perform such heating in an enclosed chamber in an argon atmosphere, as
30 illustrated in Figs. 3A and 3B. The water-cooled crucible has the advantage of
avoiding potential contamination of the melt with ceramic from a ceramic ¢rucible,
and also avoids the reaction of molten material 26 with atmospheric constituents,
such as nitrogen and oxygen. The afloy composition of molten material 26 need



12 have a cross-section that is the sane general shape as that of the
extension 30 end 4, but of a larger size, in order to forma | arger
ceramic nold during form ng 300. An oversize nmandrel 12 woul d produce an
oversize ceramc nold 16, which would in turn result in an oversize

extensi on. Such an oversize configuration mght be utilized if it is
desirable to performmaterial renoval gé surface finishing - 14- on
extensi on 20. Conversely, mandrel 12 ¢addl’'d be of the same general shape as
extension end 4, but undersized so as to produce an undersi zed extension.
Such a confi @alyahe compatiplebwitid hei supbtatioy compasitionpf itisd erticle| suchsthaththes coat i ng

cr 55 sect | ongbing sifs cf i et Vil lobide shloartl wufelp 28 64 REH 7. 5,
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be utilized, wth the cConpatibility of the pross-sectlona{"‘%ns]hape ultimately
bei ng det &r mitebuess, the, afticls apd dhe éxtensign. solidified tram the molten, material. '
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context of mm
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or there 105 physigaberopertiess andhmetaliurgicah stryptwg hetiween arfigle 2sand, extapsione nandr el

12 has a di f f g5 eQltinfatels comPatibilfy must B MmBagikecSby fertdimindel at a® extexdignsi on end

4, as described above, In the case .of a discont)nujty between these
el enent s, outgq og ane ggcy can be repeatably grown on an arglcle b o¥ another alﬂ)y. R?he
article 2 with extension 20 grown thereon is amenable to subsequent
manufacturing operations, and if article 2 with extension 20 performs satisfactority '

15 In service when completed, then it must be concluded that the two alioys are

compatible, exceptions to the preceding generalities notwithstanding. . As used

herein, the phrase "moiten material compatible with . . ." is taken to mean a

material or alloy that meets the preceding standard for compatibility, present in its

liquid form. Since both the crystal structure and metallurgical structure of

20 extension 20 may be different from that of article 2, a wide latitude of compatible

molten materials are possible for a given article 2, depending on the degree of

compatibllity required between the article and the extension. For some

applications, where it is desirable that the crystal structure and metallurgical

structure of extension 20 closely match article 2 (e.g., cases wheré epitaxial

25 growth is desired or where extension 20 must also have a difectlonally oriented

crystal structure), the latitude will generally be narrower, such that it may be most

desirable that the alloy composition of molten material 26 be the samé. or very

similar to, that of article 2. For other applications, where it is not necessary that

either the crystal structure and metaliurgical structure of the extension match the

© 30 article (e.g. cases where an equiaxed crystal structure or other non-directionally

oriented crystal structure is sufficient), the latitude will generally be wider, such

that the alloy composition of moiten alloy 26 may be quite different from that of

article 2. Also, in some applications it may be desirable to develop a crystal



of mandrel 12 still comunicates with outer surface 8 of extension end 4,
al beit by a surface feature of different geonetry, such as a shoul der,
necked-down 20 region or other surface that |Interconnects or joi-ns these
surfaces. Mandrel 12 also has a length (L), as shown In Figs. 2A-2B. For
mandrel s used to formextensions on airfoils, such as buckets or bl ades,
mandrel length typically will range frosa about 0.02-0.25 Inches, which
corresponds to the typical range In Ien@hs of bl ade/ bucket tips. 25

After attaching 200 mandrel 12, the next step Is the step of form ng 300
ceramic nol d stuctwrerandior aetallurgicat structure fthatzdiffars isuistantially tiom|thatsaf the portion
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of 30 ext enzagm éalgde 4e§i$tarﬁ=§5‘m mee hrticte am&dmpaeemol the I&gﬁenﬁi&i 20 to lrhamé

ext ensi on gn urin |nse o_nol as
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slurry and t hbatebihg irpFigs. %and ag. thesompositiomndf dhel Superaliop ef therarinle -fmapm a
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into a slurry, ?@ a slurr S med from
a slurry exi stmqt?f‘aé E’ﬁ"%ft @Fe"epaﬂﬁld I‘l‘ the fﬁfeéﬂﬂeébl’ﬂe'ﬂté- difterant caliom
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pl asma sprayi rgmpbéitichal Hifterendes)y Thisancdel ofsgrowth s sometiges termed epitaxial
growth. In the context of the p'resent invention, this would also describe a
generally high degree of compatibility between the alloy of article 2 and that of
extension 20. Also, it is recognized that the crystal structure or the metallurgical
15  structure of an article, or both, may vary from base end 32 to extension end 4,
and that references herein to the compatibility between the article and the
extension refer principally to compatibility of extension 20 with extension end 4 of
article 2.
_ The step of holding 600 for a time sufficient to allow a portion of
20 extension end to be heated by and interact with molten material as a
microstructure growth seed is an important, and highly variable step in the
method of the invention, because the amount of interaction and the degree or
extent to which the extenslon is to serve as a growth seed may vary considerably
in accordance with this method, as described hersin. For some combinations of
25 materials, apparatus and process conditions, a sufficient time for holding 600
may be essentially zero, as may be the case, for example, where a relatively
small amount of interaction between article 2 and molten material 26 is necessary
to produce a continuous, integral extension 20 having a microstructure that is
compatible with that of article 2 and sufficient to satisfy the requirements of its
30 intended application. For applications wheré a larger amount of interaction is
desirable, such as the growth of epitaxial extensions 20, it is anticipated that a
sufficient time for equilibration wili, for most combinations of articles and molten
materials, be longer, perhaps as much as 30 minutes. For applications where



typically may al so be sintered, so that such materials woul d have
sufficient nechanical strength for use as a nold. Ceram cs that nmay be used
to formnold 16 include alumna, nullite, alumna/silica m xtures, calcia
and zirconia. Selection 10 of the ceramc material will be done so as to
ensure the conpatibility of nmold 16 with the superalloy of article 2 and
nmol ten material -26, particularly so as 440 avoid contam nation of nolten
material 26 or extension 20. Ensuring conpatibility will also seek to
ensure sufficient adherence of the ceranmic material to the extension end
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to control orsnbfrmy ultrasohicaagitationno| ten material 26 Into nold cavity 18,

simlar to gating nmeans Mﬁﬁ&v@@of&?is %Sdtﬁiﬁg hWe?&etnﬁlog@atiéfl‘grn ggans 22

may be fornmed during formn suc tin rel rior to
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o them as Iintegral extenslon 20 having microstructure 29 that is compa_tlble with
directionally oriented microstructure 10 of article 2, whereby during the step of
withdrawing 700, article 2 has a temperature gradient such that the temperature
decreases between interface 28 and base end 32. Withdrawing 700 may be
20 done at any rate, either fixed or variable, that produces the desired
microstructural characteristics of extension 20, as discussed further herein. The
rate of withdrawing 700 will depehd upon the. solidification characteristics of
molten material 26 on article 2, and will depend upon the alloy composition of
both, the temperature of molten material 26, the temperature gradient within
25 article 2, the temperature of interface 28, and other factors. As integral extension
20 is formed at interface 28, it generally takes on the shape of mold cavity 18,
exoepf for shrinkage effects and pulling away from the mold cavity that may occur
during solidification and cooling of the extension.
It is preferred that the steps of dipping 500, holding 600 and
30 withdrawing 700 be done using the same apparatus. These steps may be done
using any of a number of well-known dipping, holding and withdrawing means. A
suitable dipping, holding and withdrawing means will typically comprise a means
(not shown) for holding or gripping article 2; a drive means (not shown) for dipping



formng. Gating nmeans 22'may al so be formed by incorporating a materi al

- 16- renoval step as part of form ng 300, so.as to open a passageway into
-the mandrel after applying the ceramc material to nmandrel 12 and extension
end 4, or by adding a nenber. Ml d 16 nmay al so preferably conprise a
contam nant relief neans 36. Contaminant relief neans 36 |s adapted to
prevent the 5 entrapnent of contam nap % within nold 16 during any of the
steps of dipping 500, holding 600 or w thdraw ng 700. Contam nants may

| ncl ude entra ases, . oxi des the allo nstituents or detached
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26, as shown gripdiigythe @Bicleposuahegs knownr génplnn fittunes |or tojampings mebhdnisms.r es..
Such nmeans¢ma an&s ' ; ating
nmeans 22. Orﬁ(r:%%gé@mﬂgﬂ né)ﬁo ar ge d|(ﬁ‘gﬁdeﬁg%&rﬂlhgqggnﬂfsgd&ébntsl%)qhq
coeffici ent eﬁﬂ%‘%tmmﬁﬂenﬁﬂpwe&c%@"ﬂ driyggneane similanfo- thogp

opt :j onﬁl addi kgagh inQhé AR d%eeﬁsgnglg@ B@ch mhbﬁwﬁéeu%@bmrﬁ:f?eczaémml ng 200
manar e an cer oa ma
appl i ed 350 t 8 Pﬂ&ﬂﬂ‘%ﬂ sol@&gq,}@gmcgﬁ%qso %ﬁﬁ}i’%@%ﬂgf&ﬂﬁ ‘Ysﬁg i's

t enporary and té Scomtainl the molten emategalpbbelsmatad netthe extehtcposshle faoml| east
gglrjglm E:O :geegfgéén‘%ﬁ%ﬁle#ﬁhn?cgl vnhfﬁ?iéﬁgslt 'g'o %gnbg% eagls?'?as WE}I Qﬁ&woul d
fracture the contoling also |bngadaem|tnga.diushmecmatlomgf the dnve means based on
other calculated or measured factors, either fixed or variable, such as the
temperature gradient within the article, temperature of the molten bath,
temperature at the article/bath interface or other factors. The steps of dipping

15 500 and withdrawing 700 require relative movement between article 2 and molten
material 26. For purposes of this method, either atticle 2, molten material 26; or
both may be moved to accomplish this relative movement, althbugh. the
applicants believe that it is generally preferred to move article 2 and hold moiten
material 26 stationary.

20 An illustration of one of the possible results of the practice of one
embodiment of the method of this invention is shown on aitfoil séction 46 of the -
type shown in Figs. 4 and 5, as extension 56. Extension 56 extends from broken
line 52 which designates the interface 28 within original blade tip 48 from which
extension 56 comprising new blade tip 48 was grown, accounting for the melt

25  back which occurs during these steps. As seen in the fragmentary, diagrammatic
view of Fig. 5, using bladé tip 48 as a growth seed results in solid extension 56
having a compatible microstructure, which in this example includes multiple
elongated grains that are a continuation of and integré,l with those of the parent
blade tip 48. '_ _ |

30 Another form of the tip portion of a gas turbine engine air cooled
‘blade is shown in the fragmentary view of Fig. 6 and the sectional view of Fig. 7
taken along section line 77 of Fig. 6. This type of tip is sometimes referred to as
a "squealer tip®, because under certain operating conditions it can interfere with



Is to be renoved 375 after Formng 300 ceramc nold 16 (not shown). A
coatiing thickness of about 0.001 to about 0.1 Inches may be suitable,
depending on the size of the article and the difference In expansion. 25

I n anot her enbodi nent of the nmethod of this invention, the step form ng 300
the ceramic nold may be replaced by a step of attaching 400 a prefornmed
ceramic nold 16 over at |east a portion of outer surface 8 of extension
end 4, preformed nold 16 having a nmold2avity 18 which at |east partially
encl oses extension bonding surface 6 and |Is adapted to define the 30 shape
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| east one gat I%varran]ﬁa n céfE'E]%'%Ph mc?gtﬁglgs ‘W"l %ﬂé"géﬁf}@% ds may
al so | ncor gor athe mefapdu pémemnhbkueemamsnmuaeéltq @Paﬁﬁmdwge bwwbl d 16
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attachi ng e omly bn kinoS; codtact of molten material withhendrwall-e2rshofildtbiei avoided.ent i on
includes features not fowgnidh 58 is narrow, or damage extends close to end wall 62,
interaction of rim 58, with molten material 26 should be limited and carefully
controlled in order to avoid damage to end wall 62, particularly if end wall 62
contains features such as channels 74 or holes that communicate with a partially-
15  holiow interior, as described herein. One embodiment of the method of the
present invention provides for forming mold 16 so as to cover and protect such
features, as shown in Figs. 7-10.
The presentation of Figs. 8-10, which are shown diagrammatically
in section, shows a sequence of the practice of the method of the present
| 20 invention illustrating the repair of blade 42 having a hollow interior, as shown in
Fig. 7. For example, such interior can be serpentine or labyrinthine passages 70
in a fluid cooled turbine blade or vane 42. For convenience, some of the
reference numerals are the same as have been used previously herein. Fig. 8
shows rim 58 in contact with and partially melted back by moiten material 26 from
25 the original rim edge shown as broken line 66. In Fig. 9, melt back has continued
further into rim 58 to melt back line 68, sutficient for the remaining portion of rim
68 to act as a growth seed for the solidification of molten material 26. Then
blade 42 is moved upwardly, as shown by arrow 54 in Fig. 10, while in contact
with moiten material 26 until extension 56, consisting of the portion of the section
30 under broken line 72, is grown .on rim 58 by solidification from melt line 68
through continued solidification at interface 28, as described above. |If biade
extension 56 is solid in some part, and additional holes' are desired to allow
communication with the hollow interior as described herein and illustrated in Figs.



related art nethods of form ng superall oy extensions, such as those
described In U S. Patents 5,291,937 and 5, 304, 039, that yi el ded
unanti ci pated benefits over the prior nmethod. For exanple, the method of
forming the nold does not require the separate nmanufacture of nolds and
dies for each different size and shape of 15 the desired extension. Thus
this nmethod offers flexibility to easily adapt to changes In the design of
the desired extension. Further, this m24hod permts the nold cavity, and
thus -the extension, to be I ndexed to the extension bonding surface by '
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the steps of graginhgetween ifteHaio198 GRA base@nd 4, wherein the temperature at a
given location within article 2 decreases from interface 28 to base end 32. The
temperature gradient within a given article 2 will be a function of the temperature
15 of molten material 26; the thermal conductivity of article 2; the configuration,
including internal passages within-atrticle 2; the rate of withdrawal of atrticle 2 and
other factors, including the configuration of the apparatus used to perform this
method and the presence of external sources of heating or cooling that 'may be
applied to article 2 during these steps. As is well known in the art of solidification
20 of molten materials, such as superalloys, the thermal gradient of the interface
“where the solidification is taking place effects the microstructu_ré of the resultant
article. For superalloys, relatively shallow thermal gradients, on the order of 10
C°/cm, tend to produce less directional orientation and more equiaxed grain
structures, due to perturbations resulting in non-unidirectional heat flow. Steeper
25 thermal gradients from, for example, 25-150 C°/cm, tend to produce conditions at
the interface which promote the dendtitic solidification of moliten material 26 at
interface 28. The temperature gradient within article 2, and particulary at the
" extension end and in the vicinity of interface 28, also affects the nature of the
dendritic growth, including the spacing of the primary and secondary dendrites.
30 Control of the temperature gradient at interface 28 Is particularly important when it
is desirable to produce particular directional morphologies and orientations, either
polycrystalline directional solidification or single crystal growth, within the
extension. - The method of this invention may also include the use of optional



Fig.  3A) and withdrawi ng 700 (see F| g. 3B). Dipping 500 conprises placing
extension end 4 of article 2 Into bath 24 of nolten material 26 havi ng an
al l oy conposition that Is conpatible with the superall oy conposition of
article 2 so that nolten material 26 enters nold 16 through gating neans 22
and contacts 5 extension bonding surface 6. D pping 500 establishes

I ntimate contact between extension end 4 and nolten material 26, such that
vari ous known heat transfer mechanisms $ttur, and the t enper at ure of
article 2, and particul ady extension end 4, rapidly begins to rise to
approach the §te||s§)tbraﬂfetlm teﬁlpéfﬁiuteﬁadﬁhtamtmi aditle ﬂ%egteﬁ@@u@ﬂnmrrpl i shed
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15 circumstances where a heating means is not being utilized on this portion of the
article. The use of these steps may be used to control- the temperature gradient
at both the interface and within the article.
it may be desirable for some conﬂguratlons of article 2 and
combinations of the steps of this method, to repeat the steps of dipping 500,
20 holding 600, and withdrawing 700 article 2, with the same molten material or a
' different alloy composition, in addition to the repetition of the optional steps noted
of material removal and/or héating or cooling in conjunction with these steps.
" Referring again to Figs. 3A and 3B, it will also be recognized by
those skilled in the art of solidification from a molten material, that the surfaces of
25 an extension formed using this method will generally be in an unfinished form,
and will, therefcre,' frequently require the use of additional material removal,
surface finishing or coating steps, such as grinding, machining, polishing or other
material removal and/or surface finishing steps, or spray forming of a ceramic
coating, in order to produce a finishéd extension.
30 Example 1
An existing blading member in the form of a turbine blade made
from an alloy compositlbn of Ni-i3.7 Al7.9 Cr-12.3 Co-2.1 Ta-0.1 B-0.9 Mo-1.6
W-0.9 Re-0.6 c-b.s Hf excepting impurities, in atom percent, was used as an
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nmolten material 26 of N -base alloys Is to use a known Induction heating
means 13 and wat er-cool ed, copper crucible 15 or ceramnic based crucible for
heating, and to perforn1such heating in an encl osed chanber in an argon

at npsphere, as 30 illustrated In Figs. 3A and 3B. The water-cool ed
cruci bl e has the advantage of avoiding potential contam nation of the nelt
wWith ceramc froma ceramc crucible, and al so avoids the reaction of

mol ten material 26 with atnmospheric co®+tuents, such as nitrogen and
oxygen. The all oy conposition of nolten material 26 need - 19- only be
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that the two amplqugaapgsitioned within a holdmg means comptising a bolt to which the
article was welded that was. in turn attached to a drive means comprising a
threaded drive rod with a digital encoder, for dipping, holding, and withdrawing
15 the article. The drive means was interconnected to a means for controlling the
motion of the drive means, comprisihg a computer-baséd controller, - that was
adapted to control the depth of insertion of the article into the extension end of
the molten material, the hold time, and the rate of withdrawal. The blade was
then lowered into the melt pool to a depth of approximately 1-6 mm, and held for
20 5 minutes. During this period, the blade interacted with the melt by melting back
the inserted portion. Furthermore, the blade then acted as an oriented growth
seed for solidification of the extension from the superalloy mélt. The blade was
then withdrawn by moving it upwardly, out of the melt, at a rate of approximately
10 mm/min. Withdrawal and directional solidification was continued untii an
25 extenslon of about 6 mm/min. had been solidified. This allowed an extension to
solidify having the same polycrystaliine directionally solidified ctystal structure as
the blade. The extension was continuous and integral with the extension end of
the article.
“The article generated from the practice of this invention included a
30 base and a partially hollow airfoil section having an outer cross-section. It did not
contain a blade tip of a type described herein, only because it did not have an
end wall. However, the configuration was such that the walls of the airfoil section
had a thickness of approximately 6 mm, which closely approximates the



conpati bl e, exceptions to the preceding generalities notwithstanding. . As
used herein, the phrase nolten nmaterial conpatible with . . ." Is taken to
mean a material or alloy that neets the preceding standard for
conpatibility, present in its liquid form Since both the crystal structure
and netal lurgical structure of 20 extension 20 may be different fromthat
of article 2, a wwde latitude of conpatible nolten materials are possible
for a given article 2, depending on the2flegree of conpatibility required
between the article and the extension. For sone applications, where It is
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blade end. While this example did not include the use of a ceramic mold, the
solidification process described in the example is illustrative of the solidification

15 processes which occur when a ceramic mold is used. The ceramic mold defines

the shape of the solidified extension.

The interface portion between the airfoil section and the extension
is different from those reported for related art methods, such as the diffusion .
bonding together of matched, separately generated, distinct members. It was

20 similar in some respects to the interface described in the related art referenced
patents that describe the continuous casting of blade tips. However, no means is
necessary for applying a fluid pressure to the moiten material in the method of

"this invention. The principal distinction between the present invention and much

of the related art lies at the interface. In the bresent example, the extension may

25 be grown epitaxially by Iaylrig down one layer of atoms after another from the
molten material selected for the extension onto the surface of the article. Thus,

the grains of the extension may be continuous with those of the article across the
interface between them. The method of the present invention further allows the
secondary grain (dendrite) orientation to be grown, uniike the prior art interface

30 bonding techniques for which such secondary grain orientation is difficult to match
in the transverse direction. An epitaxially grown region, or repaired area, may be
formed that matches the original metallurgical grain structure or orientation of the
article not only in the primary, but also the secondary direction. The advantage



5 higher wear and oxidation resistance in the extension. As illustrated
by the hatching in Figs. 2A and 2B, the conposition of the superall oy of
"the article nmay be different fromthat of the extension grown on the
article fromthe nolten material. However, as reported in the referenced
patents, different alloy conpositions should be sel ected so that the
crystal structure of the extension will 10 grow Integrally with and
continuously fromthat of the article, '3§5p|te t heir conpositional

di fferences. This node of growth is sonetinmes ternmed epitaxial growth.- In
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1S as the molten metal flows into them and solidifies. Additional machining
operations then are required to reopen the passageways.

The preceding example demonstrated that controlled growth of
extensions, of the type that would be required in airfoil blade tip repair, with similar
cross-section as the parent airfoil, can be accomplished. Although this example

20 included only one extension, it should be understood that the present invention
can be expanded to include the concurrent growth of multiple extensions, such
as a muitiple turbine blade tips. The present invention may aiso be used for
repair of other directionally oriented articles having passageways such as airfoil
vanes. '

25 As also noted in the referenced patents, ﬁlthough it was
concluded that the crystal structure of the extension should be substantially the
same as that of the existing article, it was unexpectedly found that considerable
variation in metallurgical structure, notably alloy composition, between the
extension and existing article is permissible, and may even be preferable in some

‘30 cases. This result may also be applied to the utilization of the method of
Applicants' invention. |

The method of this invention has unexpected advantages over
related methods for providing extensions for articles, such as airfoils, in several



desirable, such as the gromh of epitaxial extensions 20, it |Is anticipated

that a sufficient tine for equilibration wll, for nost conbinations of
articles and nolten materials, be |onger, perhaps as nmuch as 30 m nutes.
For applications where -21- longer tines are expected, estinates of the

time necessary can be made by calculating the tine necessary to nelt back
the desired portion of extension end 4, using known or neasured heat
transfer Information for article 2 and-2@lten mater.ial 26. The sufficiency
of the tine for holding 600 will also be affected by 5 the nethod used
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t enper at ure decreases between | nterface 28 an se end 32. Wthdrawi ng 700
ma;r/m be weaker than deeslrable for certain appl?catlons tg&elated methods for casting g

extensions that are also referenced herein, utilize different forming methods that
require the use of additional devices such as ceramic dies, die extensions and
means for pressurizing the molten bath from which they are formed, that are not
15 required for utilizing the method of the present. invention. The fact that
extensions having the desirable microstructural features described herein may be
formed without the use of such additional devices, thereby reducing cost of
forming such extensions and avoiding the potential for contamination by such
devices, is a significant and unexpected advantage over these related art
20 methods of casting extensions.

The foregoing embodiments have been disclosed for the purpose
of illustration of the present invention, and are not intended to be exhaustive of
the potential variations thereof. Variations and modifications of the disclosed
embodiments will be readily apparent those skilied in the art. All such variations

25 and modifications are Intended to be encompassed by the claims set forth
hereinafter. '



20 dm her fixed or variable, thakEphAGﬁDe§Hﬁﬁé"sdeS| rsgd

mi crost ristics of extension 20, SS FANQL vased ..o
her ei n. ,Hﬁ"r lm mﬂ’. drawi ng 700 wi |l depend ;@Z,?]S.{;EP o8 epqéi I&sat?f, aged 5
charact eri s¢|os n material 26 on articl I1pa&° "e’_'r'id

the alloy conposition of both, the tenperature dfi3rdiarg %tpé‘F? é
tenperature gradient within 25 article 2, the t@n@!ﬁ“&f‘ure R3ge me? BREST vooeeree
28. and other factors. As Integral ext eB8Fon 20 ts~formed—ar—m errace 29,

It generally takes on the shape of nold cavity 18, except for shrinkage

effects and pulling aWaXNIHt‘i%QI&ﬁ@d@' d cavity that may occur during
solidification and cooling o e extension. It Is preferred that the steps

of di ppi ng 500, hol di.ng 1600 dhmethod forgreviding &n integryjexieasign qe apAtiale.t he same

apparat us. Thegfpdsi e¥Rpsie@ done using any of a number of well-known
di ppi ng, hol di ng and wi t hdraw n

A sui table di hol di ng and
wi t hdrawi ng means wi | I tsgleeting ?'gaﬁ'ﬁm"?@g& ﬁﬁa‘?ﬁe'ﬁﬁﬂfeﬁ)@ﬁ%wﬁ? af?ﬂ”ﬁ%ol di ng
or _gr: pp 12 ng arshd:ttbgﬁl éhaﬂe, &H emenma?md(murﬁb@ma ah(lfuteilqggamdeﬁned by -
article intg and wit Lk’ OM eri al
connected to t'h"e H%F&eﬁ‘%ﬁ?ygﬁgpe'am IR %PSrTaq orﬂ‘PY'Pﬁlﬁ r?dcr(’gl&fct‘érﬁom) t he
notion of the cdmprsingi@ supsralioy icompaesitioneand tacditectiotally orieated anysjal istudwbl usi ng
any suitable rreans for t I 73&&{3 S
fixtures or clanp %t{aaﬁﬁi’gﬁga rgﬁncﬁé eﬂr?%lb ﬁpBﬁon% ‘Eeglg‘gng 600
and w t hdr awi H@F“F’tﬁb W“I‘Q asaosa@%wn%hsmwa'a'atcewae %@

conput er - cont rsﬁhb@df cHel uﬁeﬁmném Shdnahaéutérosdri&@@ ghat rwmmunreatdaam&f iheof
crystal pulli n & é those Lo performthe Czochral ski or Bridgman
sol i di fi cati orf fﬁ'(?&‘ thg gxt pgs "desirabl e that the apparatus used

~ forming a ceramic mold over the outer surface of the mandrel and
at least a portion of the outer surface of the extension end, the mold having a
mold cavity with a shape that is defined by the mandrel and that is adapted to
define the shape of an integral extension, the mold having at least one gating
means that communicates with the mold cavity;
dipping the extension end of the article into a bath of a molten
material having an alloy composition that is compatible with the superalloy
composition of the article so that the molten material enters the mold through the
gating means and contacts the mandrel; _
holding the mandrel in contact with the molten material for a time
sufficient to allow the mandrel to be meited back to about the extension bonding
surface, the melted mandre! intermixing with and becoming part of the molten
material, the holding time also sufficient to allow the extension bonding surface to

be heated by and interact with the molten material as a microstructure growth
seed; and '

withdrawing the extension end from the molten material under

controlled thermal conditions and at a rate which causes the moiten material to

- solidify on the growth seed at an iﬁterface between them as an integral extension
that conforms to the shape of the mold cdvity and has a microstructure that is

compatible with the microstructure of the extension end, the controlled thermal

conditions comprising maintaining a temperature gradient within the article such
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to contain |aI be Isolated to the extent possible from 10
uncontrol | mmﬁﬂﬁmuﬁe ration. It may al so be desirable that the neans
for contr apted to adjust the notion of the drive neans
based on other cal cul ated or neasured factors, either fixed or variable,
such as the tenperature gradi ent within the article, tenperature of the
nolten bath, tenperature at the article/bath Interface or other factors.
The steps of di ppi ng 15 500 and wi thdr8bi-ng 700 require rel ative novenent
between article 2 and nolten material 26. For purposes of this nethod,

o ef a1 b T BpERR it &ne ol Inf Bl f WA P R AP ' ="
general ly prefaefum@nmmmmmdls:&t\pef@md eurmffasenm ten material 26

stationary. 20 2. THb tbthbd bf @hiH) mferammecﬁni&&@ Peohidonb resul ts
of the practice of one enbodi ment of the nethod of this invention I's shown
on airfoil sed@dggrsAybdie angiBes yne shown in Figs. 4 and 5, as extension 56.
Ext ensi on 56 extends fr ogn br okig mettivdd o2 clalm @) wiseig thé Qambbﬁedm;-qnf ace 28 .
within original blade tip 48 from which extension 56 conprising new bl ade
tip 48 was gro‘WP accounting for the nelt 25 back which occurs during

t hese steps. As seen in &he fThamethodr of claimas whenein thevaideil tsfalﬁlayjngs usi ng

compat | bl e i Ahedodt BHeRsing Eitofinel b, & ’%ﬁ?ﬁ% FAe ! AR ShdB oftls
el ongated gr aumtiwma@ﬂml do ah%mmmlaaﬁ. & im hending syrfage andi & t'PhQJﬁ@“ of the

parent bl ade tgjxadd- anan airfoil section which ;ematnkaefooi aidmefﬁp.tm widieiRd fippn of a
gas tur bi ne engi ne air

de | t of
s & ana t neshrspendIB 1op GieRpoRage. 1o, . Bondipg, Ritece ETBIPANEN 45 18 of
Fig. 6. This tasensivh bonfling Sussvep thertipsairfalf surfacel corresponds 10 SiwLiaubresurface”

because under gef §2lalioRREY ks 2Bln' dodSpontis e s sbétiofial ¥hhgb.

5. The method of claim 1, wherein the molten material, the
mandrel and the article are all Ni-base, Fe-base; Co-base, Ti-base'. or Nb-base
superalloys. _

6. The method of claim 1, wherein said step of forming the

" ceramic mold comprises slurry forming or thermal spray forming.

7. The method of claim 1, wherein the ceramic mold
comprisés alumina, mullite, alumina/silica mixtures, calcia or zirconia.

8. The method of claim 1, wherein the ceramic mold also

has at least one contaminant relief means that communicates with the mold
cavity and is adapted to prevent the entrapment ooniaminants during said step of
dipping. _

9. The method of ciaim 1, further comprising a step of
heating the extension end of the article with an external means for heating during
any of said steps of dlpping, holding, or'wlthdrawing in order to control the
temperature gradient at the interface and within the article. '

_ 10. The method of claim 1, further comprising a step of
cooling the articie with an external means for cooling during any of said steps of
dipping, holding or withdrawing in order to control the temperature gradient at the
interface and within the article. '

\
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. -23 - _ar_—r—uJ&—mram’TprTo'sTng menber to approach a zero cl earance condition.

As a result rference, peripheral rimb58 of blade tip 48 can be
abraded % wi thout such a rub condition, airborne particles
'y L

and uOXI r sa perl od of operation, can abrade and contribute to the
damage of r| m58 5 .The nmethod of the present Invention can also be used
to repair such danage by providing an exj.ension in the manner descri bed
above, except that extension 56 (or extelfsion 20 when considering the nore
general description of the nmethod) in this instance may be an extension
only of that portion of bl.adeThe pnetBod ofieidimi hgfysther shmpesing iansteP, of at her

th lid ext thed 58,
contact of ol TEamng heBedsRn b he st Wi o BofRP idng for rgRng &k 11 1 23
is narrow, or @shagteprstcesling the adiglerad adpeation pthepthan ithe extensiansandst the m 53,

with nolten megme ahm2ﬁa aﬁeu:laﬂniaané idﬂdo@lﬂ\ga&ﬂm?aér@f ot 4avu s&g& loP dippfhg! N Or der

to avoi d danage t.0 en rticul arl cont

features such i%aﬂﬁﬁ@'r‘g’a‘?’wgowh%ﬂ"e@tq fteps %[?n?ﬁf&?m W?" 0 Lopteg tt{']%ll ly- 15
hol | ow I nt er i otempatatule gradientak the intérface @nd withinahié amiole. of the nethod of the

present | nvention prOV|d fo ' ld,1 V. r ot ect
such features, as shown ﬁ Fi &L%%%f%ﬂarggérgpﬁ?irﬁegg@ eg{eaglggggﬁ

whi ch are shomddeagndmmwmmigroswcwestlon shows a sequence of the _
practice of the method ofgt he 1qp GRitd &Q:lanhri‘éeﬂhérgiﬂ thé hHéétiBﬁéuy%ﬂeﬁt repair

of blade 42 having a hollow interior, . exanpl e, such
" Interior can bBICIStYElre afcthg integral extensian s syhstantisty a"l(ﬂ’f‘ﬁ‘i%l WQ'}F'G“(%OI ed
turbi ne bl ade weamné@orﬁafedqammefth&@f@ngbnbh@omé@ﬂwe nuner al s

are the same as have beeq4usedrhgr &ho%s ly cpa? eJl nfurt'ﬁelg qompnsmg steps of
applying a coating having a thickness to the outer surface of the mandrel and
extension end prior to said step of forming a ceramic mold, and removing the
coating prior to said step of dipping the extension end of the article into the
molten material, wherein the thickness of the coating comptises a spacing
distance between the ceramic mold and the mandrel. .

15. The method of claim 14, further compﬁsing a step of
sintering the ceramic mold after said step of removing the coating and prior to
said step of dipping the extension end of the article into the molten material.

16. The method of claim 14, wherein the thickness of the
coating isina range of about 0.001-0.1 inches.

" 17. A method for providing an integral extension on an article,
comprising the steps of:

selecting an article comprising an extension end having a cross-
sectional shape, an exténsion bonding surface and an outer surface definéd by
the cross-sectional shape, the extension end also having a microstructure
comprising a superalloy composition and a directionally oriented crystal struéture:

attaching a mandrel to the extension bonding surface, the
mandrel having a cross-sectional shape that is compatible with the cross-sectional

shape of the extension end and an outer surface that communicates with the
outer surface of the extension end;
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shows nm5 nt act W|th and partially nelted back by nolten material 26

from 25 t 1"”” ge shown as broken Iine 66. In Fig. 9, nelt
back has con "W ntor|m58to nmelt back line 68, sufficient for

t he remai ni ng portlo'h of Mm58 to act as a growh seed for the
solidification of nolten material 26. Then bl ade 42 is noved upwardly, as
shown by arrow 54 in Fig. 10, while In contact with nolten material 26
until extension 56, consisting of the pogsion of the section 30 under
broken line 72, Is grown on rim58 by solidification fromnelt |ine 68

t hrough continued solidif | on | nterface 2 as above
bl ade extension 56 is sol q\t“w %8\%&" cera %mgﬁcﬁ"‘[er 8ﬂ§$§t %’gona?f tKﬁem red
. to al | ow conmunisensurtace \of tie eMSledndvmﬂermdd ihavingia nield cavityowhidheatdeast and

[Ilustrated in t t hods.
For uZxarrpl e, ! sucﬁgﬁ'oenc‘ose%%hg &ﬁ?rgr?gcﬁb E'Mmg!raél{ﬁﬂPge 2h qﬁ%nﬁﬁh@ alid it &°
el ectrocheni calad@ﬂte%l'%éﬂ"lf- thesshaee géanemes@é exlension theymoich glsqihaxing atsed | n

The a{t oftga: @édfsﬁbnd@alf{augaﬁeanbbomﬁ\luﬁ.emngrmihalhe%dlwcém met hod ?L thl s Chat
nvention that if a nolte i a a r a a
of the article end acti ngfp %ﬂrmﬁ'ﬁ eeé'éi‘npt th @@W@Eﬂ ‘?‘ﬂ ol ten
mat gri al - alnd O meatérial Smﬁ\gnaedllaptcoinpoélﬂuietmnplmmamletwmgtlmf slllﬁb%l@lyovm h
see articee | t he
interface to al Wﬁg&%@/ {}gﬁ é't%f" %ﬁﬁﬁ‘éq’go ?1'{ n:gegglsﬁi?ﬂgluf Qpﬁﬁﬂg@égﬁ I nto
the nolten mat gatied melns and confactyythermandrali gs. 1, 3A and 3B, the steps of

di ppi ng 500, 10 hol di ng,dgiifh %M&W&M&%tﬁgﬁ’e Frishé M RAaIB s fimle" O

nolten material 26 establishes erature 2 that
may be vi ewed Ayffigieqt 'eon"emthw%r@htq bR E‘PF?PCB”EEP ahoutihe extepsiorybongingr ei n
t he tenper at ur gudfhce} the melted mandre! intermixing with and becoming part of the molten

material, the holding time also sufficient to allow the extension bonding surface to
be heated by and interact with the molten material as a microstructure growth
seed; and '

withdrawing the extension end from the molten material under -
controlled thermal conditions and at a rate which causes the molten material to
solidify on the growth seed at an interface between them as an integral extension
that conforms to the shape of the mold cavity and has a microstructure that is
compatible with the microstructure of the extension end, the controlied thermal
conditions comprising maintaining a temperature gradient within the article such
that the temperature is highest at the interface and decreases within the article
as a function of increasing distance from the interface.

18. The method of claim 17, wherein the article is a
component of a gas turbine engine. . ' |

19. The method of claim 18, wherein the component Is an

alrfoll. | .

_ '20. The method of claim 19, wherein the airfoil is a blading
member comprising Iongitﬁdlnal axis, a root, a tip having an airfoll shaped cross-
section normal to the longitudinal axis, a tip bonding surface and a tip airfoil
surface, and an airfoil section which joins the root and the tip, and wherein the tip
corresponds to the extension end, the tip bonding surface corresponds to the
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gi ven Iocatlwmcreases frominterface 28 to base end 32.
The ~ terrperature gradl en a given article 2 wll be a function of the
tenperature . 1 terial 26; the thermal conductivity of article
2; the conflg ’”/B@!gﬁ g Internal passages within article 2; the
rate of withdrawdl of a 2 and other factors, including the
configuration of the apparatus used to rformthl s nethod and the presence

.of external sources of heating or cool that may be applied to article 2
during these steps. As is well known in the art of solidification 20 of

nol ten nat er ié’)&éhsaoﬁ llﬁhdlﬁ(j sartbes) the Inpmontduaawmrmaporgs aal thenduterfsutfaae

I nterface where dlflcatIO I

m crost r uct ur@ddpe W??F‘é A 5‘???'5 ‘ergéﬁgﬂ& @l}ﬂ%r‘éa %L@éﬁ?ﬁal%ﬁ% Ivel y

shal | ow t her mal gradi en2s., offihe mettmdd’érclaml 1IOW|!Efehrt]1¢ mqter@ aeteriab the oduce
| ess directiopgly f&rafn%ﬂfnetalm GRCaTRI-Gaskl b LGS CU-5isB, FH5d45 b REbagyie 1O

perturbations resul I'n non-uni di rectional heat flow St eeper 25
t her mal gradlmwlw&am for exanple, 25-150 CJerr]/cm tend to produce

condi tions at the Interpace Wb hatRScBOug 7 WiRIGIK the pretoninedicbraned i on of

nmolten material 26 at Interface 28. ture radient. within article
2, and parti cEPHr‘MF‘P&?est?\@“‘@iﬁ@ﬂ@?oﬂ"'@ﬂ#sﬁ%mf rﬁ,lga@ip(ﬂr A8t | nter f ace

28, also affects the naiaare (The triethet oticlaim ¢7,gwitackih thé cetamiti myld &leo spaci ng

f th d LROMRSIAT
gr adi gnlto r ;tma r ﬁ?‘%ﬁg Ieas §§e?cr§ Bﬂ'ﬁ'ﬁq'i '%‘%?Im%qs %?ggn"?ﬂ%gm% %hstﬁdes”?aglrg to
produce parti calitgrandiis adzptesital prmnpmmgamemwﬁomm@n@m dufing sald sty

pol ycrystalli gpqﬂgih ctional solidification or single crystal growh, wthin
t he extension thod of this Invention may. also Inclyde the use of

opt i onal -25 - steps 249 alTher "‘Gﬂ@dt@nﬂﬂﬁht’ﬁr turther, gpmRAsing tahF'ﬁpaét icle 2.
These steps Mj¥atinghé!dRension end of the article with an external means for heating during

any of said steps of dipping, holding, or withdrawing in order to control the
~ temperature gradient at the interface and within ‘the article.

25. The method of claim 17, further comprising a step of
cooling the article with an external means for cooling during any of said steps of
dipping, holding or withdrawing in order to control the temperature gradient at the
interface and within the article.

26. The method of claim 17, further comprising a step of .
heating the extension end of the article with an external means for heating and
also a step of oéollng the article at a location other than the extension end of the
article with.'an. external means for cooling during any of said steps of dipping,
holding, or withdrawing, wherein both steps are performed in order to control the
temperature gradient at the li_\terface and within the article.

27. The method of claim 17, wherein the integral extension
has a directionally oriented microstructure.

28. The method of claim 17, wherein the directionally oriented
microstructure of the integral extension is substantially an epitaxial extension of
the directionally oriented microstructure of the extension end of the article.

29. The method of claim 17, further comprising steps of
applying a coating having a thickness to the outer surface of the mandrel and
extension end prior to said step of attaching a preformed ceramic mold, and
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heating 800 tWthe article with an external (other than

by conducti on MI ﬂm, ial 26) neans for heating, renoving heat 900
fromthe articCI} WMnal means for cooling the article, or

si mul t aneously 5 héati'ngsthe extension end of the article with an
external neans for heating while also cooling 1000 the article with an
external means for cooling at a |ocation other than the extension end.
These optional steps may be used with a®y-or all of the steps of dipping
500, hol ding 600, and wi thdrawi ng 700 descri bed herein. External neans for
heating are WarhoviigaHe co&!dﬁ [prigsStoldaRt 46 oPdipping dieéxtdrRBion @nd iof tHeCdrticl Coi |
positioned so,as to heat t e,e‘xt?_tgmonIFenr(e:lJ of trgg Frtlcle. External cooling’
means are al sitdng “k‘?i‘&ﬂﬁf“?‘ﬁ"?hé” fein dhe ickngss jof the seating, cPMPASeS 2 he use

of chills sucbpatingvdistanicechetvenn thélicblamjc motiaindahe Mangreht es or ot her neans.
Such cool i ng means woul ¢,co I t egh t A r t.ransition
section 34 of article Z%Ohomgre‘etgg%ra}oﬁl @a%’a SO Sthggﬁlggrﬁegg 0(foth?he '
ext ensi on endcoating s incd rangeof abasb 0.00h8ricincheseat i ng neans i s not being
utilized on this portion of .the article. The use of these steps nmay be used
to control the tenperature gradient at both the Interface and within the
article. It may be desirable for sone configurations of article 2 and '
conbi nati ons of the steps of this nethod, to repeat the steps of dipping
500, 20 holding 600, and withdrawing 700 article 2, with the same nolten
material or a different alloy conposition, In addition to the repetition of
the optional steps noted of material renoval and/or heating or cooling In
conjunction with these steps. Referring again to Figs. 3A and 3B, It wll

al so be recogni zed by those skilled In the art of solidification froma
nolten material, that the surfaces of 25 an extension forned using this
method will generally be In an unfinished form and will, therefore,
frequently require the use of additional nmaterial renoval, surface
finishing or coating steps, such as grinding, machining, polishing or other
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mat eri al renoval and/or surface finishing steps, or spray formng of a
ceramic coating, in order to produce a finished extension. 30 Exanple 1
An existing blading nmenber in the formof a turbine blade nmade from an
all ey conposition of Ni-13.7 Al-7.9 C-12.3 Co-2.1 Ta-0.1 B-0.9 M>-1.6
WO0.9 Re-0.6 C-0.5 Hf excepting inpurities, In atom percent. was used as an
-26 - article for the purpose of form ng an extension according to the

nmet hod of this invention. In this evaluggion, it was desired to add an
extension to the airfoil section of a turbine blade to sinulate the repair
of a tip as shown in Figs. 3-10, and described herein. The mcrostructure
of this cast blade conprised a pIurallty 5 of directionally solidified
grains, simlar in orienSX d 3 : Fig. 4. The materi al
used as the nolten nmatergg gy chenistry as that
of the blade. A charge o Placed in a water-
‘cool ed, copper crucible that was ah4e AV & a chanber that was adapted
to be filled with argon gas. The chanber was filled with argon, and the
all oy was 10 nelted in the crucible. The Superal l oy charge was nelted in
the cruci bl e by use of an inductAtstraitey psRs, and heated to a

omperature of 14000 C. ool o ol hgE bl bl g R b LTS
to a drive nealirectonaliyroriented, mpbhlle;aaimlesj rsucteas aifoiblading néimbietsadr atheroder ,
ror dpping, Rgfoféhs 36y 'gad Etidlod et tinb! drthids. TAR SlidntfonBANS Was
i nt er connect e a neans fo on I Ng the ot rive nmeans,
conprising a domedtditectiy-encan adicter by dipping minertionaer end of the article having an
_ attached integral mandre! into a molten bath of a compatible alloy, followed by
withdrawal of the end under controlled conditions sufficient to cause an integral
extension to solidify on the article. A ceramic mold is utilized over the dipped end
of the article and the integral mandrel with a mold cavity that generally defines
the shape of the extension to be formed. The mold may be formed in situ on the
mandrel, or preformed and attached to the subject article over the mahdrel. The
integral mandrel is melted within the mold by dipping the mandrel into the molten
alloy. The mandrel acts as a buffer between the molteri. material and the article
while permitting meilting of the article end and solidification of the integral
extension. Extensions formed by the method of this invention have a
microstructure that is continuous and compatible with that of the article. Such
microstructures may include epitaxial growth of the extension from the
microstructure of the article. The method establishes a temperature gradient
within the article during solidification that may be further controlied by auxiliary

heating and/or cooling of the article and/or extension during.the practice of the
method.

Figure 3A



adapted to control the depth of insertion of the article into the extension
end of the nolten material, the hold tine, and the rate of wthdrawal. The
bl ade was then lowered into the nelt pool to a depth of approxi mately 1-5
mm .and held for 20 5 mnutes. During this period, the blade Interacted
with the nelt by nelting back the inserted portion. Furthernore, the bl ade
then acted as an oriented growh seed for solidification of the extension
fromthe superalloy nelt. The bl ade wad/8hen wi t hdr awn by noving it
upwardly, out of the nelt, at a rate of approximately 10 mm m n. Wt hdrawal
and directional solidification was continued until an 25 extension of
about 6 mmm n. had been solidified. This allowed an extension to solidify
havi ng t he sane pol ycr | | ionally solidified crystal structure
as the bl ade. The exté¢nsion was continpous and integral with the extension
end of-the article. The article generajed fromthe practice of this

I nvention included a 30 Q‘%@@%&' aftially hollow airfoil section having
an outer cross-sectionh_lt did not ain a Blade T p of aTypé described
herein, only because it did rjot have an end waRemdiaMatarial Frem
configuration was such that tjhe™walTs of T he ai r f gixterssion Ead haq a

t hi ckness of approxi ngrery—o_mmmn_wircijcl osel y appr oxi mat es - -27 -
peripheral rim in a tlypi a°h!ﬂ9)i ne blade having an end walT ~. as descri bed
herein. Therefore, *thijs exdegealc| osel Yy approximates_t he_m crostructure and

geonmetry of typi (r:ET‘T_t'r.bi nMandsele 1208s] and s&r}é-ﬁlr_--g—tfé}ﬁe the
met hod of this inventi O ror tne growm it or repai i q S. IThe article

used had a first fcrystal struetdre-=+nm 5 — +hed. 'rF%‘L g cdnprising a
plurality of direction | ngat ed |grdansion eregcéeo
Forming Ceramic B ettt
Mold g9 FP—————————
— | |
e e —! Remove Coating |
Attaching o 375!
Pre-formed R
Ceramic i 1
Mold 400} | _____ _ _ —  SinteringMold
| 250 |
Dipping Article S e N
Into Molten FeTTTTT T
Material Material _: Heating Extension :
to Melt Integral r l End |
Mandrel 500 : o e 800 |
|
Holding Article | : }
In Molten 1 Cooling Article |
Material 600 Il 900 !
I b oon wen com o oo e oo amm o -
i
_ | e e == -
Removing Atticle | | Heating Extension {
from Molten L 4 End and Cooling i
Material 700 !. Artticle 1000 _!
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and a first metallurgical structure based on the alloy conposition of the
article. Integral and continuous with the airfoil section was an extension
having a second crystal structure as a continuation of and conpatible with'
the first crystal structure of the airfoil section, and al so having a
second netal lurgical structure that was to also continuous and conpati bl e
w th, but sonewhat distinguishable frqm%truafirst nmetal | urgi cal structure
due to.a slightly different dendrite arm spacing resulting fromdifferent
thermal gradients used to grow the original article and the new bl ade end.
Wil e this exanple did not include the use of a ceramic nold, the
solidification process described In the exanple is illustrative of the
solidification 15 ﬁ?&):sses whi ch occur when a ceramc nold is used. The:

ceram c nol d defines the ARapecRh-tPeti-eX deEeysHpn. The interface
portion between the air QQ\Q\}N\\W\\N s{different from
those reported forqg€ R\.:\\n\ .\V\:\\\i\\‘ ki on bondi ng

t oget her of matched, *{\\\\\\\“\i\\\\t\ 0 \R\-\Q;\\ rs. It was 20

simlar In sonme respec
ref erenced patents tha
“However, no neans |77
material In the nethag
t he present inveniQe

\S N sl sbsb
\1(,':'1/' // ;./ .?/,ovz”g-/ ,I;! e related art
U

; Y, e
544 A/ ( o8dEssure to the nmolten
rzjﬁff’,/’f;”//%’//.{/;{/ i stinction between
w m;/;//‘// 4;'/ £d a the Interface. In
the present exanple, th //”A'A’Iil%léﬁ% ‘14‘41%' axially by laying
down one | ayer of atons arter another Yremthe nolten mat e#i al . sel ected for
the extension onto the surface of the article. Thus, the grains of the
extension may be continuous with those of the article across the interface
bet ween them The nethod of the present Invention further allows the
secondary grain (dendrite) orientati b own, unlike the prior art

I nterface 30 bondi ng techni ques fF]G)pFMh secondary grain . :
orientation Is difficult to match in the transverse direction. An
epitaxially grown region, or repaired area, nmay be

N
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fornmed that matches the original netallurgical grain structure or
orientation of the article not only In the primary, but also the secondary
di réction. The advantage -28 - over nost related repair methods which
have-equi axed grains at the interface and in the repaired area is
significant in terns of mechani cal aqgmyetallurgical properties, since the
metal lurgical grain structure of the Original article does not natch the
extension or repaired area by use of st Jelated art nmethods. Even 5
where different alloys are selected f body and extension, It is
anticipated that there will generallyjbe a gradation in netallurgical
structure in the interface regi on as result of rapid m xing of atomc

speci es | n tf{retrogod T tTo ThelsuiTTrtd UCtur e, n t hough
nost rel atedfart metho ¢ red32t hege {s a high
| i kel i hood of |ocal sur ) m sali gnnent s
bet ween the pody and a ' esult in spne sort of
| ow angl e bopndary between (Ae, there is a}high
| i kel i hood t pat cont am nat ¥ ' t will beco trapped in
the Interfacg, thereby we h onally, the felated art
" practices fof repairing su ' sadvant ageously cl ose
t he passagewpys 15 as thp/ o themand s¢lidifies.
Addi t i onal chi ni ng opera to reopen th
passageways. | The precedi ng _ f10control | edq growt h of
ext ensi ons, &f the type th . ' /rfoil bladq tip repair,
with simlarjcross-section Can be accongl i shed.
Al t hough thi ¢ exanple 20 ion, it shoulld be
under st ood t*at t he presen / G
- 36
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can be expanded to include the concurrent growh of nultiple extensions,
such as a nultiple turbine blade tips. The present invention may al so be
used for repair of other directionally oriented articles having passageways
such. as airfoil vanes. 25 As also noted In the referenced
patents, although it was concluded thaj,the crystal structure of the
extensi on shoul d be substantially the" Be as that of the existing article,
it was unexpectedly found that considefable variation In netall urgical
structure, notably alloy conmposition, pe{wd®n the extension and existing
article is permssible, and may even bg preferable In sone 30 cases. This
result may al so be applied to the util|zation of the nethod of Applicants

| nvention. Th -9 —of—t-hins—i-het-i-ap—has—thexpect-ed—advant-ages over

rel ated met hofs for pro _ , 8gch gs pirfoils, In

LY

sever al -2P - respect ' onpost t]ons,
melting charafteristics, entially ofher
properties thht facilitate processes usegl to form
them and thup frequently iffer fromthe
conpositions pf the articl ed. Also, 5 {[welded
extensions typically have ¢ / re,;3te to thejnature of

t he wel di ng pfocesses used 0 not forn1t*e
directionallyjoriented mcr 1 - sible with tlhe nethod of
this inventioh. Diffusion b gQsi ons arelknown to
have i nterfacg¢s that freque , ch as voi.ds gnd/or | ow

angl e grain bgundaries, as
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10 described herein. Thus, the interface between the extension and article
may be weaker than desirable for certain applications. Related nethods for
casting extensions that are also referenced herein, utilize different
form ng nethods that require the use of additional devices such as ceramc
dies, die extensions and neans for gfg@ssurizing the nolten bath from which
they are forned, that are not 15 required for utilizing the nmethod of the
present. Invention. The fact that extensions having the desirable

m crostructural features described herein may be formed w thout the use of
such additional devices, thereby rggcingy cost of forning such2extensions
and avoiding the potential for conthni nat]ongpy such 46ivices, Ts a

significant and unexpected advanta ese rel atdd argaq 20 nmet hods of
casting extensions. The foregoi enbodi mgnt s, egn di gcl osed for the
purpose of illustration of thg present inyepLd ot Intended to
be exhaustive of the potentiak variatj t he \ar s and,48
nodi fications of the disclose | l bel r eadi arent those
skilled In the art Al such vafhwat = dificatio are | ntended
to be enconpassed by the clai st hilherlBi at is clained
is: 1. A net hod for proyPdj edtRIllExt@ns n an article,
conprising the steps of: sel ectj I Dr i sgn ext ensi on end
havi ng a cross-sectional shape, X i ng Qe f m out er
surface defined by the crgos biylia , 8o° 46
i) <
o %, 0
o (>) 50
46C o
46F ) 46D
o .
- ase”"\° i R
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t he extension end al so having a mcrostructure conprising a superall oy
conposition and a directionally oriented crystal structure; attaching a
- mandrel to the extension bonding surface, the mandrel having a
cross-sectional shape that is conpatible with the cross-sectional shape of
t he extension end and an outer surface that comunicates with the outer
-surface of the extension end; formng a ceramc nold over the outer surface
of the mandrel and at |east a porti of the outer surface of the extension
end, the nold having a nold cavity with a shape that is defined by the
mandrel and that is adapted to define the shape of an integral extension,
the nold having at | east one gating neans that communi cates with the nold
cavity; dipping the extension end of the article into a bath of a nolten
mat eri al having an all oy conposition that is conpatible with the superall oy
conposition of the article so thagothe nolten material enters the nold
t hrough the gating neafs ai74_contadts the mandrel; hol ding the mandrel in

contact with the nol mat ra tine5§uffici§ t to allow the nmandre
to be nelted back to #TE_CXQ el di ng surfface, the nelted
mandrel interm xi ng M @ ) lten material, the
hol ding tinme al so Qag[. ow t he extens ondi ngZz surface to be
heated by and intefact 42

- 74 -
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with the nolten material as a mcrostructure growh seed; and This is the
regiacenent sheet 31 withdrawi ng the extension end fromthe nolten .
matéri al under controlled thermal conditions and at a rate which causes the
molten material to solidify on the growh seed at an interface between t hem
as an integral extension that conforms to the shape of the nold cavity and
has a mcrostructure that is conpa?ﬂ%le with the mcrostructure of the
extension end, the controlled thermal conditions conprising naintaining a-
tenperature gradient within the article such that the tenperature is

hi ghest at the interface and decreases within the article as a function of

I ncreasing distance fromthe interface . The t hod of claiml,
wherein the article is a y aﬁf;p A9 géne. 3. The
met hod of claim 2, where ’ .4 The

net hod .of claim3, where
| ongi tudi nal axis, #4
normal to the Iongé

59 nember conpri sing
¢ shaped cross-section
A{face and a tip airfoi

% Zz/




surface, and an airfoil section whi ch joins the root ard the tip, and
mhereln the tip corresponds to the extension end, the tip bonding surface
cogresponds to the extension bonding surface, t he tip airfoil surface
corfesponds to the outer surface and the airfoil shaped cross-section

corresponds to the cross-sectional shape. 5. The nmethod of «claim
1, wherein the nolten material, t8/8 mandrel and the article are al
Ni - base, Fe-base, Co-base, Ti-base, or Nb-base superal |l oys. 6. The

met hod of claim 1, wherein said step of formng the ceramc nold conprises
slurry formng or thermal spray formng. This is the replacenent sheet

Dat e: OCT 1998 32 7. . The nmethod of claim1l, wherein the
ceram c nold conprises alumna, nullite, alumna/silica m xtures, calcia or
zirconia. 8. The nethod of claim1, wherein the ceramc nold al so

has at | east one contam nant relief neans that comrunicates with the nold
cavity and is adapted to prevent the entrapnent contani nants during said

step of dipping. 9. & The nethod of claim1, further conpr|5|ng a step
N54
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article* 1©. t M sThe nethod of claim1, furth
cooling the article with an external neans for

Of heating the extension end ofeashe as¢igle wth ! pnd
‘heatin aid steps of dipping, ho HPUoH + rrig
or der ﬂ“ﬂl‘)ﬂll‘ﬂl”ﬂl‘ﬁ[llﬂﬁperature gradi ent at tha (é)ce G rPatgﬁ‘égg

bitraetur i ‘Rggedy-..do

steps of dipping, holding or w thdrawi Ngoi N ord=r to control the

t enperature gradi ent at the |nterface and withi

net hod of

¥)n-d’a£°@t eﬁo cpaged

h DATEaOFi RECERT, Sff'.:.!.‘?...?..&:r he

rising a step of hearing The EXTenstomemnd

of the article W|th an external means for heatlng and al so a step of
cooling the article at.ion_ot her,.than_th sion end of the
article with an exte tf‘?@%?ﬁﬂ%bﬁ%ﬂa ?Iﬁr}%@e%ﬁ%f SIS
di ppi ng, hakdiiede,orconmprhigring nhe wteps rofbot h steps are performed in order

to control

article. 12.

the t enpe s%tl%rﬁl%@ad%f néf@{cigecbﬂéﬁiéfﬁﬁ gﬁd e\ﬁ\éttetgl'sq_o &nda

I nteg

Y

ext ensi on hayiagdar ecpsenaeb}zl@naénsbapm capse¥iensien @dlng surﬁieceret hod

of clai m 12,4 &yrdhesdifged! &@eiﬁad%yee&@d oM 0N Hhdte,
integral extension is substantially an epitaxial extension of the,

directi onathg eXtenNsIPmictbALSR HFVERG & e HBATFUTIRG FIPHIRING (3 ¢l €.

This is thegupRRaAdE/—orptagiition and a directionally oriented crystal

structure;

attaching a mandrel to the extension bonding
surface, the mandrel having a cross-sectional shape that is
compatible with the cross-sectional shape of the extension
end and an outer surface that communicates with the outer
surface of the extension end;

forming a ceramic mold over the outer surface of
the mandrel and at least a portion of the outer surface of
the extension end, the mold having a mold cavity with a
shape that is defined by the'mandrel and that is adapted to
define the shape of an integral extension, the mold having
at least one gating means that communicates with the mold
cavity;

dipping the extension end of the article into a
bath of a molten material having an alloy composition that
is compatible with the superalloy composition of the article
so that the molten material enters the mold through the
gating means and contacts the mandrel;

holding the mandrel in contact with the molten
material for a time sufficient to allow the mandrel to be
melted back to about the extension bonding surface, the
melted mandrel intermixing with and becoming part of the
molten material, the holding time also sufficient to allow
the extension bonding surface to be heated by and interact
with the molten material as a microstructure growth seed;

and

This is the replacement sheet

- Date:

0§ 0CT 1998




33 14 he met hod of claim11, further conprising steps of applying a
coati n M'w m’mmmwmgss to the outer surface of the mandrel and

ext ensi aid step of forming a ceramc nold, and renoving
the coating prior t%o Said step of dipping the extension end of the article
into the nol'ten material, wherein the tBilckness of the coating conprises a

~ spacing distance bet V@ﬂh&f‘&nﬁ%ar@h‘é ”Ekéeﬁ@ﬁoﬁheer{@n(i&%'m fRe molten N€
nmet hod of cIa|n114 further conp r|5|ngba step of sintering the ceramc nold

after sai d a%HFiAl rapdeT ngoRRECLbad eéﬁalpFPHﬂlF6°§§lén§téﬁ(ﬁ THREDi ng
theheét epSIvflmcﬂndczl&iﬁéletlﬁétllnﬁll.Eehnfnﬁtéanm?tbﬁ@o&&ﬂ&lfyabn he growthT hef
nmet hod of cl ai erein_the ckness, of the coatin range o
Rbout 0. 00ESF Fhetbontereads bakinaR Pn pal Al Anechral iqttinion
extensi on drhan eeonfoirms conprhei agapbece&et;heomoldelmtr}g amdahalsclae
COMprL ST 10 Wb AL AN CA NN G oSt aRT L GELRODAL IR Exlens
rface an Cross- sectlona

bondi ng su an outer surface

t he extensitdi® erRKEeRSLPRYVI fBda ntbﬁos?@ﬁ@ﬁ@ﬂéeéonﬁh% a cs:mbv@mng/

conposi ti ore:caﬁt;hasmg eﬁahﬁeahhxner i£ntefperyshigb ?x‘é&itéﬁte wathaghigie a
mandrel to the, t ensi gn Ol{l%il ng{:surface t he mandrel _having a

cr oss- sect i Ehap@ Fhat temperature 1s highe at the
interface and decreases within the article as a function of

ape

increasing distance from the interface.

2. The method of claim 1, wherein the article is a
component of a gas turbine engine.

3. The method of c¢laim 2, wherein the component is an
airfoil.
4, The method of claim 3, wherein the airfoil is a

binding member comprising longitudinal axis, a root, a tip
having an airfoil shaped cross-section normal to the
longitudinal axis, a tip bonding surface and a tip airfoil
surface, and an airfoil section which joins the root and the
tip, and wherein the tip corresponds to the extension end,
the tip bonding surface corresponds to the extension bonding
surface, the tip airfoil surface corresponds to the outer
surface and the airfoil shaped cross-section corresponds to
the cross-sectional shape.

5. The method of c¢laim '1, wherein the molten
material, the mandrel and the article are all Ni-base,
Fe-base, Co-base, Ti-base, or Nb-base superalloys.

6. The method of claim 1, wherein said step of
forming the ceramic mold comprises slurry forming or thermal
spray forming.

This is the replacement sheet
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.conpa ross-sectional shape of the extension end and an outer
surf M Mat es with the outer surface of the extension end,
atta d ceramic nold over at |east a portion of the outer

surface of the extension end, the nold having a nold cavity which at |east
partially encl oses the extension bondi 3¢ surface and the mandrel and t hat

5 2dapted; Lo definerphensbags ol Anda opr dhnexbensian dhmldualse

having at |east one gafing means cormini catin cavi
di ppi ng t ROESEEPERS onl @ntNaf twhlbfei cabunina/aibhen @#X%uﬁ%$te®ahﬁ¥@rlal
havi ng an @ | pyreonPpOsSi tion that is conpatible with the superall oy
conposition of the article so that the nolten material enters the nold

t hrough the gating neans and contacts the mandrel; holding the nmandrel in
contact wigh the nolTeka netkodaloff arlasin i Dp shefrednenthd ccetdmiie t e1dandr el

tob | t k h b th
ngndserelngg?gsg?%%omﬁ ﬁu%_%s€e§%%$2;é %F?glga?%esuri %ﬁ h%?§?$§|£ﬁ?ﬁe

hol di ng ticeueisicatésicithtthe ndldvcanbtexardsisnadapedgteupfavento be
~heat ed by @gqd éﬂ%f%ﬁﬁén&”&QnEQﬁlﬁghEE“dﬁﬁlﬁé'éhlasséeg‘skoaﬁbgﬁhgfe growt h

seed;

9. The method of claim 1, further comprising a step
of heating the extension end of the article with an external
means for heating during any of said steps of dipping,
holding, or withdrawing in order to control the temperature
gradient at the interface and within the article.

10. The method of claim 1, further comprising a step
of cooling the article with an external means for cooling
during any of said steps of dipping, holding or withdrawing
in order to control the temperature gradient at the
interface and within the article.

11. The method of claim 1, further comprising a step
of heating the extension end of the article with an external
means for heating and also a step of cooling the article at
a location other than the extension end of the article with
an external means for cooling during any of said steps of
dipping, holding, or withdrawing, wherein both steps are
performed in order to control the temperature gradient at
the interface and within the article.

i2. The method of c¢laim 1, wherein the integral
extension has a directionally oriented microstructure.

13. The method of claim 12, wherein the directionally
oriented microstructure of the integral extension is
substantially an epitaxial extension of the directionally
oriented microstructure of the extension end of the article.
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and w t hdr aw nﬂ t he ﬁxtensi on end fromthe nolten material under controll ed
M *

1hern?| “ mﬂ gﬂ |at a rate which causes the nolten material to
sol i di

seed at an interface between them as an integral
extension that conforns to the shape of the nold cavity and has a
m crostructure that is conpatible with BBe mcrostructure of the extension

end, thé c rolled t [ i NPE|, S| | k Qb ature
'Pﬁé%tﬁ&é'%é c‘l’?ﬁnﬁ@, Eh&ﬂgr%ﬁ#’?ﬁ?gﬁeﬁéﬁ% F’c‘}{t o

gradient within the article such that the'tenperature

interface ARPHEERSa3eSOMLRInhENANG: A fhd chkegst ettt Btemcressiey

di stance from the imi@dfereant8. extensidheenat WOiof €oaifaild, ster ebh the
article is coqﬁgnent of g gas .turbin quine. 1? .The net hod_ of

cl ai m 18, t Re SESAPSFeMOLdy AN FREPYIRGhFEe) £oafkd nde RTAFmeli?
sheet 3213 step ofhdipptihgdtht ekaiemsion windr @fh tHe articmld lsta

bl adi ng ne | S| I I tydl . AX| 1 lep havi

airfoil sh;%g% @?ggé#sg\%%ieg%%%dr %é}taéo”?ﬁ%ﬁ? oﬁﬁﬁgg‘{{i?ﬁ% toz;fxigs}l,ae a&??%{%%ndi ng
surface andcempypses r foispasincactistantanbeiveéen | theccemamil @eldiardt he
root and théhe mandrel.

15. The method of claim 14, further comprising a step
of sintering the ceramic mold after said step of removing
the coating and prior to said step of dipping the extension
end of the article into the molten material.

16. The method of claim 14, wherein the thickness of
the coating is in a range of about 0.001-0.1 inches.

17. A method for providing an integral extension on an
article, comprising the steps of:

selecting an article comprising an extension end
having a cross-sectional shape, an extension bonding surface
and an outer surface defined by the cross-sectional shape,
the extension end also having a microstructure comprising a
superalloy composition and a directionally oriented crystal
structure;

attaching a mandrel to the extension bonding
surface, the mandrel having a cross-sectional shape that is
compatible with the cross-sectional shape of the extension
end and an outer surface that communicates with the outer
surface of the extension end;

attaching a preformed ceramic mold over at least
a portion of the outer surface of the extension end, the
mold having a mold cavity which at least partially encloses
the extension bonding surface and the mandrel and that is
adapted to define the shape of an integral extension, the
mold also having at least one gating means communicating
with the mold cavity;

—h gt
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gdip, mt“ma‘*t—i—p corresponds to the extension end, the tip bonding
surfgﬂﬂl t he extensi on bonding surface, the tip airfoil

sur f ﬂm’,m mw the outer surface and the airfoil shaped
cross-Sectién eors nds to the cross-sectional shape. 21. The
method of .claim 17, wherein the malten material, the mandrel and the

ticcle Il Ni-b Nb- b I
22, © % The ot hodRPPAPE) REE7 ARG (RS pPBY P ihe Rt NG S

conpri ses bdathi of, anmdlities, meltemimd/ hdvicsy rarxtallbsy cahpoaibliozni thani a.

23. T9e %Q@bi’ée ilééﬂtl P s ‘?crae.tlrb sﬁ@l%rﬁ%'fd t?]\LeS Pgélét

| east one ‘cont am nant heans that ¢ cat es W th cavity
and i s adapPedbed plesemoltied e‘hﬁ%h%:ht e@fie{,fént%hﬁ nBRdd dirronplaidiest ep

of di ppi Ngga®fng meansThAdAMBbAGHCEE €hal Mahdrefyrther conprising a step of

heating the extensio d of the artlcl wi th an externa ans f heat i ng
during any of said sF‘@Eglf)‘g dittspi AyRd ﬁ‘c’)idllﬁ’g CHREIFE har p]%“? n“@&&@iﬂ to
control t heatefrpanatfwfre griathensuff i ¢hent nter kaddewarthed hmdré hetar biecl e.

25. ad_,of I 7, rther conpri ;8 ste f cooling the
article vm‘f‘?‘nfté%g rl{E’lecrkna rrgaabnsu Fflgooﬁ’&negnsd't% n% 8f S rtga%? ep§h
di ppi ng, hotlited oendndidriekeynixingdertho amhtbebomhagt gy aofir the

gradi ent ahoifeni Bheekdes ,ARhMHNdid & fld | £160 dREEiLSehBerbeBhacwHEN

sheet the extension bonding surface to be heated by and interact
with the molten material as a microstructure growth seed;
and
withdrawing the extension end from the molten
" material under controlled thermal conditions and at a rate
which causes the molten material to solidify on the growth
seed at an interface between them as an integral extension
that conforms to the shape of the mold cavity and has a
microstructure that is compatible with the microstructure of
the extension end, the controlled thermal conditions
comprising maintaining a temperature gradient within the
article such that the temperature is highest at the
interface and decreases within the article as a function of
increasing distance from the interface.

18. . The method of claim 17, wherein the article is a
component of a gas turbine engine.

19. The method of claim 18, wherein the component is
an airfoil.
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.36 26. The nethod of claim 17, further conprising a step of heating

t he eﬂw m'u:lmtmr“l he article with an external neans for heating and

al so &l ORI BN I the article at a |ocation other than the extension
end of the article with an external nmeans for cooling during any of said

- steps of dipping, holding, or withdraw rtk wherein both steps are perforned

in ordef to,gontrol t t t radi . f Lt hin
the articl e.2627., @ﬁ%hg\gﬁg%%qg%f&aqul %rgl'ﬂ?h\ﬁ#g_leﬁi ,rﬁgﬁegfﬁ%gga# Q
ext ensi on hB%2diggr Berbskalcoprsisdmde d anditastinak #els @ root, Fheimet hod

of clai m 17hawhiggei Ant haidiEbeet | gRapkd OEkreBbedebLebaSt huehtle b t hRe
I ntegral extension.is iubst_antlal lj%’r }anf i taxi al _ extension of

the .

di rect i onal 98 FBAEBEINPES st Auct NG [EEARS PR BEPt RETEPLLC) €.
29. Tharfatbodanf ahaairidil fawdtisn cdijuh Sjoithss ttdes robtappbdythg a
coating havippng a [ tQ.th uter_ surfac t ndrel .and
ext ensi on e{ﬁggprla%l? ?Jgﬁg%ﬁél %héapq_‘o a?rari slé%nd;s Bé%fgﬁﬁen%xgggghgg ﬁ{)lfid, and
renovi ng t heheobipreopding swridel aymeagontipfionfhehexteneionohosddngf t he
article intgylhgaavl toR "Lk aLroheLgi-Rakbhe doi Dfed hen&oghiag
conprises a spacing distance between the ceramc nold and the mandrel.

surface " and the airfoil shaped cross-section corresponds to

the cross-sectional shape.

21. The method of c¢laim 17, wherein the molten
material, the mandrel and the article are all Ni-base,

Fe-base, Co-base, Ti-base, or Nb-base superalloys.

22. The method of claim 17, wherein the preformed
ceramic mold comprises alumina, mullite, alumina/silica

mixtures, calcia or zirconia.

23. The method of claim 17, wherein the ceramic mold
also has at least one contaminant relief means that
communicates with the mold cavity and is adapted to prevent
the entrapment of contaminants during said step of dipping.

24. The method of claim 17, further comprising a step

of heating the extension end of the article with an external
means for heating during any of said steps of dipping,

holding, or withdrawing in order to control the temperature

gradient at the interface and within the article.

25. The method of claim 17, further comprising a step
of cooling the article with an external means for cooling
during any of said steps of dipping, holding or withdrawing
in order to control the temperature gradient at the
interface and within the article.
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26. The method of claim 17, further comprising a step
of heating the extension end of the article with an external
means for heating and also a step of cooling the article at
a location other than the extension end of the article with
an external means for cooling during any of said steps of
dipping, holding, or withdrawing, wherein both steps are
performed in order to control the temperature gradient at
the interface and within the article.

27. The method of claim 17, wherein the integral
extension has a directionally oriented microstructure.

28. The method of claim 17, wherein the directionally
oriented microstructure of the integral extension is
substantially an epitaxial extension of the directionally
oriented microstructure of the extension end of the article.

29. The method of claim 17, further comprising steps
of applving a coating having' a thickness to the outer
surface of the mandrel and extension end prior to said step
of attaching a preformed ceramic mold, and removing the
coating prior to said step of dipping the extension end of
the article into the molten material, wherein the thickness
of the coating comprises a spacing distance between the
ceramic mold and the mandrel.

30. The method of claim 29, wherein the thickness of
the coating is in a range of about 0.001-0.1 inches.
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