METHOD FOR FORM NG AN ARTI CLE ©_ ExTENSI oN BYELTI NG

OF AN ALLOY PREFORM I N A CERAM C MOLD
RELATED APPLI CATI ONS S This application is related to
commonl y assi gned co-pendi ng pat ent application Serial No. 08/538, 152,
filed on Cctober 2, 1995, Serial No. , filed on

_ (Attorney Docket RD-22,256), Serial No. : filed
on (Attorney Docket RD-24,666),q and Serial No. , B
filed on (Attorney Docket RD 24,667), the disclosure of each
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Field of the Invention 10 ton rel ates general ly
to a method for providing an E B) MELEINGCOR AMAILDYan end of an
article. More particularly, it iEﬁEEdEMjﬁﬁhﬁﬂﬂ%M%#ﬁgﬁﬁOViding an extension
having a conpatible alloy conposition on an en article having a
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is used 15 as a growth seed foBR4ATER  ABBLIGATIONS; dification of the
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grow ng directi oray—ofAttaiaey) Qogket RD-24,667), the disslostieonf Ragbrial hergby has
evol ved from pr ogeefiRratéd/by rdlrende®” Naki ng si mpl e shapes and nenbers
to processes that are currently usedgé EI f@ﬁﬂ artjcles havi ng conpl ex
shapes, such as the directional soli Ni - base super al | oy
bl adi ng menbd0s used in theThiminvestitn miktegegarally t Bi Methed Jon providdfy an The
publ i shed literat . as ndhook Ninth Edition, Vol 5
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sone formof a hdr awal -t ype vacuum i1 nducti on-cast| W th
nol d suscept or h@&piyﬁbr_nore particularly, to such a method in whichvjanend obtiemrticle is used SG

15 as a growth seed for the directional solidification of the extension directly by
melting a compatible alloy preform in an attached ceramic mold that is used 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 combustor shingles.

Background of the Invention

20 The reported technology for growing directionally oriented cast
structures from superalloys 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 blading members used in the hot sections of gas turbine ehgines.

25 The published literature, such as Metals Handbook Ninth Edition, Volume 15
Casting, ASM International (1988), pp. 319-323, has many examples of
processes for making directionally oriented, superalioy blading members, such-as
turbine blades and vanes. Most of these processes utilize some form of a
withdrawal-type vacuum induction casting furnace with mold susceptor heating.
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-2 - In the art of casting to produce directionally
of i ent ed- super al | oys, fluid pressure, such as an inert gas or air, has
been applied within a cl osed container to a nolten material, such as a
metal, to force the nolten materi al upwar dly through a tube. A patent
whi ch di scl oses one such nethod and 5 associ ated apparatus is U S. Patent
3,302,252, relating to continuous casting of an article upwardly
through a pouring tube into a cooled nold. ;The cast article is

continuously wi thdrawn fromthe nold. : Anot her portion
of the casting art sonetines is referred to as the EFG (Edge- defi ned,
Filmfed Gowh) process. Imtherastofnagingste preduce direstienally jyiented superaliaysi s

applied to a |igiid pv@srs@fel 3lich BS'tanCinbht Igagro¥ oAC had bedh talabnibdawmﬂﬁ raowoééar m ng
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directional 'y sobbffihidef athdfdwiOrdin ﬁ{ey,§6|a| articles, seed crystals
havi ng sel ected crystal “orientations ?’prl mary and/ or secondary
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the formatio adi.ng, ne eed cr are also used in
conj unction Wt hpf‘,eﬁg"f'? ﬁsgapplle@to 38 Eb%mageu%]hbngg %'m I’@P'gsa narewfa S’Pr% t he
shape and cryst altuberdredie i refied apon tedraw the liquidtaaterial upwardly for solidification.
Heretofore, the jel feel rgatg&g

directionally soll (ﬂ%&g aﬁ ® rﬁl{tﬂl’?é}u%?ﬁ&th&h&ﬁ&% mgfate crﬁ}?lb% Chhl nery
airfoils, 25 hd'yp'ﬁﬂn@tamﬁy”h'%ﬂis?@ﬂ? faaturgs of dhis Juoness ieglydecHat. Ratemter s of

sel ected crystal 3,471,266; Qrm@lzagtah@mga‘imsb nenbers are assenbl ed and bonded
into an arti_c}ke across an fnherfbace E?et ween t he rrenbcﬁ?rs. U S.
Patents 3, 9672355 and 4, 033" Agepfthe above relerspoad patets and plsewheteincthe
relating to this caytng at réleting tegtheatorndtiva of 7di@ciatatiy isolidified or siegie rdr)bsw t he
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y descr rrectio
oriented article segqnshryagrie@taﬁpmi'hﬁge e dsed. c Areybeonstitutesal means fosiinitigting
crystal or thé"séliaméati&h r°¢ @h 'aﬂi%ﬁ] Ha%ind ¥ dedirdd &Qstﬁlrdfﬁﬁlﬁhonstlﬁ‘fﬂé féFrﬁat‘on
conprising a Iuralqd%/ col utma grail ns. h single crysta
di rect i onal | YYsol 9f Hadinggmembers, tbe sﬁﬁ‘}/ cflétafso?’ﬁ?éF%*ﬁ in conjuriction with casting

forms, such as ceramic molds, to define the shape and crystal orientation of the
member. |

Heretofore, the joining of components of single crystal or

directionally solidified elongated grain articles, including'turbomachinery'a'irfoils,

25 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

representative of patents relating to this type of bonding, and the '792 patent

describes the desirability of matching crystal structures across the bond interface.

30 By using the casting technology described above, a directionally

oriented article, such as a blading member, can be formed as a single crystal or

with a directionally solidified crystal structure comprising a plurality of columnar

grains. Bot_h single crystal and directionally solidified articles may be formed with



-3- preferred crystal orientations, and these orientations may be
f.ormed within conponents so as to produce non-isotropic,
orientation-rel ated physical and mechani cal properties along certain
directions within the conponent. The desired crystal orientation in
ni ckel - base superal |l oys frequently used for turbine 5 engi ne conponents,
such as bl adi ng nmenbers, is that the <001> crystall ographic di rection
be parallel to the longitudinal axis of the nenber, in order to mnimze
the elastic nodulus along the length of th8-nenber. This orientation is
known to ~ provide a good bal ance of the creep strength, ductility and

t her P’al f St i gue1preferreﬁe&y§t‘gﬁﬁﬁﬁ1tﬂfonkhQﬁ@ tﬁéﬁép@rl‘@ifétﬁgs-fﬁa&spetfbﬁﬁ@ mnﬂaﬁ]s
are formed, as r erein ; . <001> direc s the
growth directi ong% ao%ﬁt% éocggrt%spﬂ?)%u(fb "°d'"ts$1‘é°pl' n°d'ie[“38?'ﬁfﬁqat3§ipi‘y%?a'taWé'

menber . mechanical propeftiesealang|certein dirdstianl mithimethieecorh@onenyy aheonpl ex
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described in U S. Patent conprises an
ai rfoi | -shapedl ogbaite gesFRONgNs, s‘ﬁ'&\?ﬁ ﬁ&dﬁ‘gdmfme\ﬁ% i Byt S‘Wﬁoﬁiéﬁwwﬂogfaphw

]cc:omrru tmh ca}] l Inlg Wi tifeotion Bé@)tal;]aﬂéll t9'he wgﬁudd&abxuls o thedrﬂérﬁxg& ﬁad?déiﬁo%lﬁﬂt%eat ed
rom the hol low § ri.or e _over n d on for
cool i ng purposes, e\,ﬁ "é"ﬁ’df’ﬁ @H%t"? '51‘%“%@‘%15??@&’ iﬁ'ﬁi"ﬁe'?tﬁtéﬁ" g‘f‘
fromthe end of plovideeatgeod balance of the creep strengtii)i ductility dJidatIieﬂgalmaﬂ@m S,
and other gas turlyfg, ”8# riﬁ‘ehs%ocomﬁ&{’é‘ﬂ@"e“f'lﬁxs Elﬁ%‘sef Fr%%%@ |a¥? q‘EHfétfer In

extreme environments
envi ronnent alfy descsibed hﬁiﬂﬂg é° dhat thea<0Qiec diestionsis the growﬂh dlrmﬂongand

erosion due to i gpRéspohds 1Bt oHGuRImal 2iPHIthe mehibah t enperature
ai rborne particles, high tenperature OXI@IZIH and/ or corrosive gases,

| ow- cycl e fatigue prdtNezempliefp pading member hayinga S?f""el%%ﬂl’etﬂ’ %eibbi ng
-agai nst ot her 25 typendesstibved abdvasiz mecﬂueuminenyeblkw\dﬁsdriaecahl&ﬁspPﬁféﬁt ng

d oth d t
bl adi ng menbore. ‘910551 Bhe 8 bBln dipbelCodt et 3o WRoEindgelchle oo s
are typical | 31 elhaving @ gompleghholiow interiof cemmunicating cnithi ara bidk reigiony; speh that at her
than to repl ace td%@é@ @Jntﬁ‘é citdifatdd ﬁ&nhﬁé’ﬁolﬁ&@ﬁ teqmﬂﬁlgr the sePGvalY‘Qﬁ&‘ §B<¥\hen

superal | oy bl adi ng mbers, or other superal oy art av nga
directionally or |’§91?'é8”ﬁ??!¥‘5ﬂ“m?§?%r“@e'°§‘r thepaddegion FQ\'"R"I#’@S aitlp teat exendmded

end r egi orfromMhetdnarof it MBMb&L | on or duri ng rranuf acturing, the

probl em of their repair . becqnes nore co d and difficult,
because of the necessity ofAlF8l nglgﬂmgndnembers, r%‘ﬁ Igaﬁd‘WEﬁaﬁP@%

properties i 120t hecomppaents,dampdiréquenty btiltized dn rextre:deggrﬁnlmments where they are
E)gc;)mas t hg;;’&@é% rl]Bea{ g%}[?gvi&cmﬁl %mﬁ%ﬁal&orga%n :%tmagl tlna v{)egg %%Hémsmsr, epai r
m crostruct ure mig¢luding: ng[omoa. dusl to impact by hlgh-veloclty andlor high temperature
airborne particles, high temperature oxidizing and/or corrosive gases, low-cycle
fatigue processes and mechanical abrasion caused by rubbing against other
25 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 repair rather than to replace them after the tips have been damaged
or worn. When superalloy blading members, or other superalloy articles having a
30 directionally oriented microstructure, are damaged in the tip or extended end
region, whether in operation or during manufacturing, the problem of their repair
becomes more complicated and difficult, because of the necessity of maintaining
physical and mechanical properties in the repaired portion that do not degrade



in the repaired portion, as is frequently desirable in directionally

oriented articles such as airfoils, because of the difficulty of
repl.icating the original directional 5 orientation in the materials used
to make the repairs. One net hod that has been used for
the repair of turbine blade tips, has been to add material to the
damaged or worn portion of the tip by wel ding, or simlar processes. A
di sadvantage of this nethod is that the m crostructure of the weld is
not directionally oriented, and thus the m&hanical 10 properties of the
tip or extension are dimnished as conpared to the renai nder of t he

directional | y or itenbedtalinipedarstance olitlee odmpdnentar tTihisl probleAl s repaty ecomes ent
oxi dati on resi st . ' L £E1 cul t. > wn to
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This method is described, for exanple, in U’S Patents 3,967, 355,

4,010, 531 and 4, PEentation in the Mmatedals yserbiorprle the fepakts.sonet i mes desirabl e to
form adcrys1E al hst ructure | ][or_iellwmetﬂoa théta:jasi tseleaida'euapr the repat oofu'rmheblage bond
remai nder of the iLrfoi and t ve crostructure. in.the bon
hat 1o compat  biteenes, Bpds B e Hferladid BeCpiRadb b hBR Ben bF el 85
renai nder of the waldifigii br similar processes. A disadvartage oPshisrmethed 29 th@3theand
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and are hereby incorporated erence = erein, also descri
met hods for p%ovi RIpRRstias Pf dha ihan edension @k digtinished as compareddp thecremginger of
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with the nolten material. ] ) > } n contact wth
the nolten nateriend ohranyairfpidysbrmrring; welding rdifysion bopding: or Rimilarcbending

interact wi th thepigpéds8s MRisChbiibd i\BEICALRY Tort E&nipid, ii¥ LB Patéhts e85, -
t hrough the di e openi at .ar th directional solidificatlon

n at e t permts ct, .
of an ext oRSTBAILAN OBrT9201 UinG Sy imatapds,sft s SOMeHPS HepIEst e of
how E) hese (rjret hodsform a crystal structure in the tip that is similar to that of the remainder of the - g -
may be used to repa i I cular thei. ' n
T oneenpu? "Rl Al AR PRion B0 FLhd oty LA EABRRIZLIR TS
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that do not require the apparatus described in t ~referenced patents,
such as the ceranie the asggnpedplothis invaaticinand,age theeebyelpayporated by, refaigBre i ng

fluid pressure tonbrir; QdoNGostibd b MRIMRES 3r proviGing A éltéhsion on the end of a
Sumr_y of the | mtl:lﬁgétgoggly solidified article, such as a blading member. These methods both
25 utilize a die and a die extension made from ceramic materials, and invoive

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 extension and into contact with the molten material. The article

énd is held in contact with the molten material for a time sufficient for the article

30 end to interact with the molten material, whereupon the article is withdrawn

- through the die opening at a rate that permits directional solidification of an

extension on the end of the article. A description is given of how these methods



The present invention describes a nmethod for providing an extensi on on
an end of a superalloy article having a directionally oriented 10

m crostructure, such as a bl adi ng nenber or other gas turbine engine
conponent, or other superalloy article, by nelting and resolidification of
a conpatible alloy preform preferably a superalloy, in a ceramc
nold that is attached over the end of the article, foll owed by
controlled cooling and ' solidification of the nolten alloy. The
article may al so have internal passageways®i5 comuni cating through the
end of the article on which the extension is to be added.- An
extension fornedmay ehusedTed hairmbigding Mwnirses, Jpaniicnniyt theie taikeregfons and

equi axed grai ns, eﬁeﬁ'& dqrfPtsl onally oriented crystal structure conprising a
plurality of grains or a single crystal. Further, the nethod may be ~~
used to provide epi taX| al Howevergitdsudasitgbleate éeMelmwtber methotls oh atoviding
directional |y orig@ghdiéhs by Stf\é‘len&‘I BF‘B‘rHétﬁanfy Edﬂﬁmg@ artidids, Isath agoé'tb'l%t into

t he extensi on, An extension I ng
in place a pref OI"}?FIPP"sap%'B?Fﬂ%ﬂyl ’B‘F‘B°§I tf“i‘})ﬂ"i ’Pﬂ‘ée"é.'"%é"fea?ﬁpé"al‘ﬂﬂ ‘éﬁsc"'bed intheat is
attached on an emnsteehcedt phwms,tsuemabltue oéramitt @6l aRd IRy ébhércs)bnaaha themedd | oved

b i difi ' f ' f th
marial o ordvne ik BB 2B rnaf efel BlechE et e ohape of i he

ext ension. 25 _ | n Sumenapnoiiie dnventionr he i nvention may be
briefly and general ly Th@eﬁl‘ééénﬁeﬂvé’rﬁioﬁ {j}@%ﬁ@& Qohigﬁfoﬂvﬁoﬂj C;{?Qv:é‘iﬂg' 4} egr al
extension on an article, I SIn

article conprisi fteRsioR Qe A QS‘H efna mtaﬂgv article hawﬂa @sé"%@@t‘#'b’naﬁle%%pe

an extensi Onlbondhieﬁsﬁwtﬁ@?%uaﬁda@"a wdﬂfg FEntRe Cor other gl N?Eiﬂebé(n%ﬁ@
cross-sectional shape

t |
conposi ti on and zf P@?{'ﬂ 8'?13 %/en%lpgrg‘ﬂ‘?ygén@eygqya k'f‘gtél"z? oli fﬂ‘iag!gﬂlcﬁgaa
mandrel to cotripetatﬂe(tadiqs |pmiouhurpiefe@bWafsmper,all¢wen reoeraic oW tiat ds

cross-sectional shapg, r&@%r the end &S% HeC IRl Rbifowdd! Byt&?mtrglreods Todihg! 2l Qpal

shape of the exten5|on

-6- surfac éobm%qﬂﬂ@bﬁhm mﬁeresllow tﬂhetanslednmealscs haviedotermaf passagewayensi on
end; form ng 1y comnﬁﬁicﬁﬁﬁ&tr{m}g‘ﬂ lﬂt\.‘ eerndtd?EihQ'dhﬁfe &E%ﬁﬁ%@‘cexfehﬁoﬁr?j{‘fg EJ; an
at I east a portion, of surface of e extenslon

having a nol d cavAddgd Wﬁnhexée@wgdgrmed by thisamethad gayj qompriss, at'ﬂ'é’°ﬁ§§‘r‘ﬁ§‘|"él°fand

is adapted to defeqﬁﬁxéd]gra&i%ii@ﬂir@&tloﬁdl di’ibﬁt@ﬂ elystal stnﬁtﬂﬁ@ﬂ&hﬂ%mgréﬂﬁm&lwgﬁt he
mandrel ; inserti nsﬁ t hat

is conpatible wit alf'ﬁ@ l?[f?!‘@ a?'m@ ? n?% 'B%h?‘kmztbﬁe"sﬁ%%\?i pfovide e«?g%i"i'y,

mel ting the all oygrpwibfalamextedsion, soch that thediiirectiodallyi csiested grystapstrucaure ofthef an
externay, Nead0d &a8 Sonddies At fib adhblofly AN ddERtitn 15Had ) b hho &1

prior to uring sal nol t-en -al CtsS the
ext ensi on bondi ngmi@ by mtmde PﬂQS’P %pteifqm of & toropatible alloy jatp @ ceramis mold

ext ensi on bondi ngihatiisf Ma6hddorPen BRALEE directlonali?}’orﬁﬂl@d'sﬂb&ﬁlﬁﬁtar{%lé holwﬂﬁed
nolten alloy as a

m structure
ext ensi on end und®¥ S ?:'l?ﬁ'f’?tlﬂ"l A AN ??8?'?%9" Wo?ﬂﬁ"?'i"i?n%""g'ﬁca&'gn °6“E9aﬁa§é "M%"al'ml ten
al loy to solidifyThmcéramicgnadsdivessiagpartad corrol the ahigecst theéxterasiont hem t hat

nmoves 25 In one embodiment, the invention may be briefly and generally
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 superalioy
30  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



fromthe extension bonding surface into the nolten alloy, as an integral 15
extension that generally confornms to the shape of the nold cavity and has a
m crostructure that is conpatible with the mcrostructure of the extension
end, the controll ed thermal conditions conprising maintaining a

t enperature gradient within the article such that the tenperature is
hi ghest at the interface and decreases within the article as a
function of increasing distance fromthe 20 i nterface.

In a second enbodi nent, a preforned ceram-é-nold nmay be utilized,
rather than formng the ceramc nold in situ. Contr ol
of the tenperat usgs ab eohmlHEABOWAR tetlutd B orhe biREnsion end; tdfbpgS! O

permts control of the resulting mcrostructure e extension
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trol th di di f t b
acconpl i gﬁgéoé o tef EPRBRERY e wapgraHr s S8benéd'tq fehing dog Shagn il soriilpgrel
heat i ng and/ c extension;t femoxing i the anahdrélninsemtiogian atfoyt preform havingean afisy on.
Brief Descriptiogp,gho stltEﬁ Ha@# Etgﬁ;]gatﬁﬁ with the superalloy compokitiGh into 'tfie Fdid OW

diagramill ustratl ng
-7 - : cawty. melting the gfloy ppeformp H‘%ﬁﬁ&mﬂ@“aﬁ’ songitions Sy Appliation ot amt
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nol d and renovi ng _the ma i ve acco met hod
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appar at us adaft edutfaceforna timessuficient ﬂoepermit macbnn‘nsbh donding surface o ba heated
i[lustrating they | |0 it
l'iquid agai nst an§taﬂ? i'ﬁ%m&%@? tﬁ%g@}‘ ancgaclls %%'c{qﬁtmﬂm@‘&{‘%g&d aﬂ&’c&'&hﬂg
Fig. 3Bis a secttﬁ‘Q)ﬂﬁPnshwdoﬂﬂdﬁheOf&ﬁs‘M thermal 6pnditiogs sgas tgieavienije moltent he

step of solidifyiggy idﬂSomwoﬁﬁhéwﬂﬁlsb@a a%%l mfénaw%eﬁfebh%&n\fﬁmhbv%srves
the grow h seed nce with I nventi on.

as co
Fig. 4is a cutal@®nihe Lﬁé‘ﬁ“é?’f‘ ng, spiags HB° b‘?‘%\d@ ltegy alloy, Lﬁsopneintegral
engi ne, i ncl U8i ngxtdnsionxhatngeneralig ednform ke shape of the mold cavity and has a Fi g.
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wth an extensi ol PEPREETES Kol il PR o els Be soamion . 6"

i ncl udi ng a pl ur adontrgilegi thermalgeandilions onprising maintaining a temperature Fgradie® i s a
fragmentary di agrﬂiﬁﬂiﬁ%& amcfé"’seéh tHf thé ARpdrafird ¥ Thtgﬂgf_x at thy Mt f?-ierf%@ gl e

of an air cooled t i ne sect i onal
vi ew of a porti orfesfeaspe withinidhe jagicly agj g fungtion of incrteaﬁem C&#tm §'@@t then

line 7-7. 20 interface. Figs. 8 9 and 10 are d| agrammatic
sectional views illustrating one 20 nQ {na ? steps of the nethod
of the present invention on p%ﬁ”??%lef'ﬁ’ iment, & pretormedceramic: mald may be

utilized, rather than forming the ceramic mold in situ.
Control of the temperature gradient during solidification of the
extension permits control of the resulting microstructure of the extension. For
25 example, to form a microstructure comprising a plurality of directionally solidified
grains, or a single crystal microstructure. Additional control over the temperature
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. | '
Briet Description of the Drawings
30 Fig. 1 is a flow diagram illustrating the method of this invention.



hol [ ow articl e.  Detailed Description of the

[ nvention The present invention conprises a new
met hod by which an extension nmay be grown directly on an end of a
directionally oriented, superall oy article, through solidification

of the extension froma nolten bath of a superalloy 25 material which is
formed by nelting a superalloy preformin place on the article

extension end. This nethod also utilizes a ceramic nold to assist in
formng the shape of the extension:7Through use of the article
itself as a seed or nmeans for initiating growth, the nethod may be
used to provide an extensiBigs VEA, BBain€ 12gsdralsectional views!thid! lustifte &IEChtéps&ffall

m'crostructuret t 1S with.and contin t of the
el ore ‘ol uai ApeninS JF Fedish Frtihdng WretfEchd3HT rihbring S mgdilral 1y -
i ndi sti ngui shabl espectively, ecardingitd thegnatidd oftthis dventionof t he art| cI e from
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new ext ensi ons on

such % t iheimathocpf e pressat inventionitsirelingothe stamef Bsiingha jsyparaliohi | e

pot entially usef pletorm and thaldﬁhg\m IQid\egainet ah &ficié)rih bedoffancd With i nhﬂd\tm this
invention is particularly

ng_an .ext
article having a hol | ow i n %gr's gnﬁfcg%e'ﬁﬂsmgg? gppal’atb%gégl SR showing
comuni cating w the Sté;eohsdhkimg thieamolten superalighagdiret thedarticle wiichisernves s

~extension is to %pémge? Eﬂg%mialﬂg?wﬁm%ﬁyé@?partl cularly useful for

formng or air adi ng nenbers, such as
t urbi ne bl adé@. Fig. 4 is a cutawgy dbvétlatmr@fmturbine blaglerfor er tyring

structure Is int %ﬂéjﬁgj ,,;dmdmgqﬂe extens‘&m@nd)y,e‘;@dgmprystal nor phol ogy, such as
a single crystal, ml'tiple e ther crystal ,forns,

and their orientations. Thé: 'Q'é %gt El‘as'ge?tﬁa!n%ﬂi%mmaﬂ%mezé'd°f a {gpaired airioil,
"directional ori ehéwd iMSamrexfensibh dormiedr atcordiieto the alethd gdfythizr ineaitio,

crystal str, n ionally solidified

polycrystalline §°$"d%c€'\gur%‘g'la F?bn&r%%a é'%%’ plurality of el ongated

gr aldnﬁ and d4bngl e Cré;;ijl Fig. 'ﬁnl: afeagméhmg@n?laﬁawiew of the bladautip lmlxadn as

used herein, is i ﬁpﬁ, eristics as overa

chem cal or all oyd?n(izagérﬁrpos|‘¥kipgfn£PF 'Pg&l SIIZE . ape, spacing and conposition

of 15 precipitates, phasdd9- 7 ifct gestiona!, V'%ﬁﬁ?lmé@" qithe blage tip of Figs 6,

crystal structurqakeﬁcwon sectiongmaflze, N - base super.all oys that are cast and

directionally solidified er ncl ude .gamm i tates,
spaced dendrite arms and v??%%sg S dp are d'agraﬁ‘f“ﬂ"?ﬁ%qﬂf’%#é{;ﬁﬁ"@ﬁ%@'@gmguch
as various c&0bi dembndinenhiobthe stepgief fHeamethod Dhihe present dnveslianl ors arpastialiye and
nmet al | urgi cal st I’#ﬁi&”l’aﬁ icledn be determ ned and identified by a 20 variety
of known and wi dely LEeq “anal ytical techni ques |ncI udi ng chem cal or
spectrographi c anal ysis and var iRsleq.Uegg ptiop g the dnventions nd

phot om crographi c e rrethﬁ%resl;h@.rheﬁtmn Edﬁl&fs%tar H&W Uhéthod B m&da
herein, conprehends both the i/sta structure and the netall urgical

structure. extension may be 9’°‘”“A?s" ety Qnst sichef @ Airqetionally 2"3’2‘%': é“%ﬁfﬁf C¥A- B

t he present i nvenardticla, theough solidification of the extension from a molten bath of a superalloy
25 material which is formed by melting a superalloy preform in place on the article -

extension end. This method also utilizes a ceramic 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 extension with a crystal
structure and overall microstructure that is compatible with and continuous with
30 that of the article, including an extension having a microstructure that is generally
indistinguishable from the metallurgical structure of the article from which the
extension is grown. The method may be utilized to make new extensions on



25 method for providing an integral extension on an end of an article,

conprising the steps (see Fig. 1) of: selecting 100 an article 2
conpri sing extension end 4 ~having a cross-sectional shape (not
shown) , extension bonding or growh surface 6 and outer surface 8
defined by the cross-sectional shape, extension end 4 also havi ng a

m crostructure conprising a superall oy conposition and directionally 30
oriented crystal structure 10; attaching 200 nandrel 12 to extension

bondi ng surface 6 (see Fig. 2A), magdrel 12 having a cross-sectional
shape that is conpatible wth the cross-sectional shape of extension

end 4, anq out ersv.g:_H ra;l%?e% ?]rg to:!s%airlgi' rteg'lgée 8)9% 'foéﬂ&i‘éﬁs."‘%ﬁe B&teﬁtfau? 'ﬂEéfﬁ]Ce 8

of extension end _ _ ] o .
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16 having a nold cavi defi ned by mandrel 12

w th
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26 for a time 10and Gﬂ‘ﬂ evetalfoms, and tgir prigetationsn The termscdisecipnaliy eeented”
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t hermal condi ti opturalityl ohtelengatede gralinsc randasiegle crpstalsn Theé eermal "metallurghtal t 0

solidify on the QEouf . sa%e&e@thtehem 3 rﬁ&'ﬁleﬁqo 'ﬂfé d}ﬁggsrﬁcﬂ Qﬁ%&énég@%%@ ofbrat®

extension 20 that confdrns t
m crostructure t¢hemical raligncompesitiont Hnd e size; sbape, @9@%9&3'@1 c@nmsn@nmﬁ end

4, the lsontdréﬂiditﬁfist PRIsBR indl@sichst H&&fmééow withi Gh&Rhyaiaf siiidiée@ For
t enperature gradient within article 2 such that the tenperature is

hi ghest at inter fe&‘E’@p'SBNEPRfeosé‘EP@g%st at are cag} anq firegtionally s.oditied generallyt i on
of increasing di dhelieeghhman prithe previitatiss, sBﬁ’ced dendrite arms and varibbe otite?p Of

sel ecting 100 co S|n an. article ext S|on
e to be provi dedretrainapls isEs o 3 vafpf, Gy ane caripeide Blasel 8

manuf act ured art iaystal tsmurd@sg mmllumabfstwwttm«cwnbé determinedbaral identified bygui r es
addition to o ’T%'riE{IyC&tkrBW OéndaﬂndSVg' el ha &ﬁﬂéér&rﬁueétin f}‘bﬁ&gh&l%r”de

selecting -~ an article havin exi st ng extenslon 't een used
in an appl i cati orSPestRaiaphic an@gsi%am, VBRIQUS XFaY) ﬁécromalcmdcpmt@qmos@sphlc

m)fll f : cat2 i o]p tL epdname@nwhertefrwmc?omcth@ as used h@idit!dofiprénen8s Hofthe AN
arti cl e (0] e

but may be char ac‘?%?%? e%cth%\s/a?\ Fgw'?'c%lg?ﬂ%ﬁ%ngagxt ensi on gﬁgf Zl rorm, on
whi ch an integral extensi onAQﬂlustmtéd)mtRhgst oy 20 dna\3AB, the presert-imaotionois &l
shape, 25 method for providing an integral extension on an end of an article, comprising the
steps (see Fig. 1) of: selecting 100 an article 2 comprising extension end 4
having a cross-sectional shape (not shown) , extension bonding or growth surface
6 and outer surface 8 defined by the cross-sectional shape, extension end 4 also
_ having a microstructure comprising a superalloy composition and directionally
30 oriented crystal structure 10; attaching 200 mandrel 12 to extension bonding
surface 6 (see Fig. 2A), mandrel 12 having a cross-sectional shape that is
compatible with the cross-sectional shape of extension end 4, and outer surface

14 that communicates with outer surface 8 of extension end 4; forming 300



ext ensi on bondi ng surface 6 and outer surface 8. In the case of many useful
30 enbodi nents of superalloy articles 2, such as gas turbine engine

conmponent s, article 2 will have a general | ongi tudi nal orientation,
such as about a | ongitudi nal axis 30, as shown in Figs. 3A, 3B and
4. For articles 2 having a |ongitudinal orientation, they may
further be described as conprising a base end 32,

- 10 - transition section 34 and extension end 4, as shown in Figs.
3A and 3B. In a preferred enbodi nent ,.garticle 2 conprises an airfoil
such as a bl adi ng nmenber in the formof turbine blade 42, as shown in

Figs. 4 and 6. T%E%Wm@lhalgeov V\ﬁoutﬁr surfa S 6%&?&%? ég{) ﬁl@%&%ﬂ%f?lel’a&% !
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ool i ng 1ui d. suifiinar sy’ GRERHILES linthl ol oo 2848 aeBiead, o
46 away from . withipagicleias R&ﬁ'leﬁmafg\qr@slﬁgghstaM¢ frﬁmantdrfi&ezal-ade tip 48 .
may be solid 4¢ig. "4), Or Ifpe g  of Eéléfctfﬁg'%b' &%:ﬁu@e@@ﬁod@ﬁ-’gaTrF%nlcﬁe”Q @A

peri pheral |y extending rim 58, rrm y on t
order of 0.02-0. 1%hich@Reaxtansiopys t‘hﬁﬁ PEoMided | sThis 0"2!!('!‘@2-5’%5(?@‘?&@9 100 a "e‘”b’eyond

the outer surface nahufabliretBrticle Ahat\iides’ ﬁdaaxabalaﬁkéi@&ﬁuoandr loR& GHieHOfeqlirés: 30
ext ensi on dependlng ﬁn sever fact rs 1nc|u |n qf overal.l sjze of Dblade
42 ~ (gas t uPBHD B Arqdificalin h 't AR &0 'I"Fé"rd &;selectinglyi ne

bl ades) and the an articld malmamnemlm@baehslohzmah Halsibeem nsesinigianepplcatiore isuch
bucket s typi CQB' Y a83Viliftéhe! dHgféSind WhiBh requires modification, replacement or repair of the
exustlng extension. -An ‘article 2 of the present invention may compnse many

useful forms, but may be characterized most generally as having extension end 4

. on which an mtegrgl extension 20 is to be formed having a cross-sectional shape,

extension bondin’Q surface 6 and outer surface 8. In the case of many useful

30 embodiments of superalloy articles 2, such as gas turbine engine components,

article 2 will have a general longitudinal orientation, such as about a longitudinal

axis 30, as shown in Figs. 3A, 3B and 4. For articles 2 having a longitudinal

orientation, they may further be described as comprising a base end 32,



thaH those of the smaller blades. Blade tips.48 frequently beconme worn or
damaged in service, as described herein. Thus, the nethod of this invention
may be used to repair an extension end 4 generally, or blade tip 48 in the

case of turbine blade 48, by adding an integral extension 20, whether
in the formof a solid extension or the extension of a peripherally
extending rimonly. 5 In a selected article 2, extension
end 4 has a cross-sectional shape that may be any usef ul

- cross-sectional shape. However, as descri{®®d, the Cross-sectiona
shape |I's preferably that of an airfoil, such as a turbine blade or

vane, as illustraiRioR ettt waﬁsﬁaw&, ¥hEWSadEhdr BITSH BACERH éash@\an in
Figs. 4- Ext ensi on end

6. ri ses .an extensi
oot h sur f ace cpreleyed erppAREOY calble § coPHENs Ay el Figh po R Heani e el
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growi ng integral gl its FRES 3ACari 38! ' BRd 48! msl ngvm?rfamsa o %Bﬁéraﬁﬁ
shape 15 woul d general I'y conprise the cross-sectional airfoil "sha

i | lustrated by rFoMByiseg@ means fopattaghing; bladesd? 1o othpr partions qfif kuyping gn T'R)vvn in

Figs. 4-6. Extensidhasddisk orblisk. Where bmanelu§aeamdter usawitieg eurBiné laik, itey be
any suitable shape an

F
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46A and convex.syghi chﬁﬂrﬁe\)om L Jfoﬁo@ iktBAr MHQ@%thﬂn%ﬁ'aﬂﬂ)ﬂ%ﬁ@orﬂ@&h as

and chordwi se space tra| ect ed

article 2 also hayeraaism?ﬁéamaw °b§'|‘?dlﬂ§'§t4i4§n Alrfgil section 4§jof M‘P%Mﬁd?)ﬁz is
oriented crystal vwgll'ka6Whilhdgenerifly bﬁiﬁ;ﬁlsb@wioave pragsure EldewalL4BA, ahd eynveks

def d heat t | | f b

ot oen & 32 " Sk ahoval o B o oo e, ofes"H i rbrad o
oriented crydbal tmilingcddgee46D, and blade $ipi48cthatiiterbbnrieatsethedee eleametsoat We- base
T ol oy oo bl P R Dk g, 4 ana 81 G0 S o e n R 11

I rons, Steels, aralpaig)y- mm interion é@E.Ahat@pmmuqsmes wnth internalcpassadewnys 4{ 9990)
pp. 981-994 and qg%a%%%fcr‘ﬁm WFSL%SWHE& &%ﬂﬁtlﬁ@ﬁ%ﬁ&in ﬂuﬁosuchsdépé?tr fomoY 'S, |

and specifically N -base superalloys that i recti ona
solidified or forbase 44sinty ﬁ@?‘bsw% 8t sTh'%aefﬁa'wef@P‘w'%w t&?‘@/ Iy .comprisesy
wi dely used 20 serpéht:hé @dllmnmambeshapéd)bwnag icharnelsHoBFE tat commanipita with

[S)lrjggéﬁlt : Syf e}l\glrjlr g e egpeggr %fLﬂslgfjlaﬁef:{B 4?6 {i’l'll'&lh tp(a?\s a%gs‘? E)Il"l Ecﬁesa% Oégolmg%har?r{e?s not
46F also frequently commumcate with end wall 62 in the form of a plurality of
small passageways 74 or holes through end wall 62. Passage\)vays 74 are also
used in the context of the use of article 42 in conjunction with the flow of a

25  cooling fluid, such as air. Blade tip 48 is at the_ end of airfoil section 46 away from -
base 44. Referring to Figs. 4, 5 and 6, blade tip 48 fnay be solid (Fig. 4); orit
may comprise 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

30 extension depending on several factors, including the overall size of blade 42
(gas turbine buckets generally being much larger than jet engine blades) and the
location -of blade 42 within an engine. Larger buckets typically having thicker rims
than those of the smaller blades. Blade tips 48 frequently become worn or




S 12 - and are not in w despread comrercial use for blading nmenber

applications, such as Nb-base and Ti-base all oys, including Nb-Ti
alloys and Ti-Al alloys, as well as Ni -Al alloys. Superalloys in this
context also may include those alloys that contain intrinsically or

extrinsically fornmed strengtheni ng nedia, such as conposites of 5
superal l oys that contain extrinsically formed ceramc, internedi ate phase

or ot her fibers, such as N -base alloys that contain alumna fibers,

or Nb-base conposite al | oys that cont&inh an intrinsically formed Nb-Si
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or other non-fla end of the blade ti

provi de a non- un|9’8‘F"H9 éﬂ??'éL@x‘SPng"i‘!? 20 \Rﬁlad'T'P"t blading imembers, I?ep%&’@idl ﬁ\apﬁ,hl ch
forms the nevtsti pwoukhygersrlly omprisbthe rcrask-sectional airfciinshups illustiakeabyiy s8eotused,

such as gri ndi ng, ' t chi her sui t.apl

mat eri al gr ermvalg ?Iétfq‘r’]\fﬁga é@%‘%e@%“@t g’%esgﬁgﬁli"cgpsd%%aoée T"§'°" end Pa%%i ded
whi ch coul d pr onotasprises e!&telt sufageé 8ahatomay)beiany suitablet ahaee dod isizg. Ifeemtairfoy

of the end of theyagihg %ﬁnbew §ut§F gnnéwab@orfée&ﬁm@%t a:Frsu I%thée ;s aihNg

and 30 nmel ting 500 a preform however, pre
removi ng 150 pri oforiegponds to theeﬁﬂ"&@ﬂ? ﬁﬂ“@%s‘ﬁﬁcﬁ%%‘"@z’eﬁ%@% bmavmc al
or physical ng hosldevadil 46AT@YREonvex suctiof!siddwall a8 E'i’ﬂﬂt Q¥fbet ARG ddge A6 d

causing damage t 0ar%0 chordlmse 'spaced trailing edge 46D.

' A selected article 2 also has a superalloy composition and
directionally oriented crystal structure 10. As used herein, the term "superalloy” is
defined as any heat resisting metal alloy that is adapted for use above 540°C,

25 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,
and described, for example, in Metals Handbook Tenth Edition, Volume 1
Properties and Selection: Irons, Steels, and High-Performance Alloys, ASM
international (1990), pp. 981-994 and 995-1006, which describes many castable .

30 superalloys, and specifically Ni-base superalloys that may be directionally
solidified or formed as single crystals. Such superalloys are presently widely used
in blading member applications. However, acceptable superalloys would also
include high temperature alloys that are not presently referred to as superalloys,



~13- After selecting 100 and any optional renoving

150, the next step Is the step of attaching 200 mandrel 12 to
ext ensi on bondi ng surface 6. Mandr el - 12 may conprise any materi al
that is conpatible with extension bonding surface 6. By

conpatibility, it is neant that mandrel 12 nust be adapted such that 5
attachi ng 200 does not cause interaction with the superalloy of article 2,
particularly in the region of extension bonding surface 6, that would
interfere with the other steps of e nethod, and particularly with
the interaction of extension bondi ng surface 6 as a mcrostructure

grow h seed in t hShided Lbi |t 1| s that
Tandr ol 12 be f of el oo addtereall oot uss for ESREGRb Y pbicali sich

ext ensi on bondi ndf NRrPasecandsTi-basr)alayat ln@'mnmﬂhﬂsame@nd di-Aedioys, lee well as
attachnent be sum‘fAlcan@;at |S(|p&ﬁﬂ®9'lrﬁthisocdfﬂe§<h§|§@ﬁﬁy ifdfuds SRe %flon%éPcBﬁlarﬁOO

Mandr el X nﬁ-l Fl’la s. such pure neta

pol yners, waxes g allyaq{oexgms{cg y ferped ﬁ?’?f{?"ﬁ?ﬁ‘gn'ﬁW'E-o%FH@ec%‘!R%Mnt of
a pr ef or med S dsuperalloys thatsoonglraektmstcammd c@ank, htfediste Phaselbeghae, or
bt ef of o i | oy TREHG B S APbaseP ARG Ta oSHGD alfnita, ioats & Neabee sorpatte: ol
may be added to aleyethat contaieadindnsicallyf taoeedNb-Si intermediata phasegh form  and

then mandrel 12 may be forP&dseiéciH?i‘i ed fﬂﬁgﬁhvfechrx d\?hﬂgnsionaP elfchlg;%

mat eri al renoval ans swtabl e for e renpval o mat er | al
utilized. As an eXidimd o ﬁm%ﬁef’éﬁm'}?gb'm articleng, maycoptionally diaye iaspastiomef  t he

g/ax 20 ned0 beemér&idhréﬁdd‘; th"ldadwmd@? rérioved R@fh‘élh% {andiaien f%%'ﬁéﬁﬁﬁ%eﬁlaner ely
y war m n ac nor yfficien

i nduce bondi ng tgccomw?g o {hﬁemglﬂ?‘?gig" Ptb%edlr{}‘? 'br"lé@g?tﬁé 9 i8Ry Mghdr el
12 onto the ext epptiopal $iemdf regnoving 150 a;porlianef extensiorf and h erioetaaglig aid

attaching 200, i fyehif sﬂﬁ‘taeﬂréf@} fBQrto ?H?Hd% ﬁJoltér?mate{lal 26 &ggﬂ%ﬁg ﬁr& JgE li:gondl ng

nmetal alloy, the nmateri al or nmed
surface 6 using RYANMe.ribay ‘lebd?ﬁ!ﬂ eatOrrsmgw heavily oxidized i portions ®f faoturbimeandr el

12. Mandrel 12 Wﬁtﬁdé |ﬂ9 o Qﬁhéﬁébﬁﬁé‘ |ﬁtérﬁ&|ohhﬂtlf fhﬁghol{eﬂrlﬂ%tﬂﬁél '?tg ¥ the subsequent

sui tabl e known eﬂé‘? nR'Pﬁ ‘HF The nmaterial used
may be afl & at Vherecsansionptnd dils Rlads i ‘?ﬁg ismeY talse 'é%r ani ¢
nol d- as wel | as desirable to senovetahporticr @fpﬁadefﬂptttwmrwddi(vdgfv@ithé/\‘ahﬁhndémdﬁ@ 12

may be utilized. tlﬁ@nr%l%l urifGrm Jeh th ?ﬂﬁ'ﬁssaSe%{lé)ns, Sanaqﬁérleonj? %Qa?rﬁf? ngﬂ?td& as

conpatible with t Cross-sectl
shown in Figs. 4flahsurace@bike and yﬂ aatudmepuadeblllg wheosthe tip is inserted dntoitheal

shape may coppri $fdubm thateHa tﬁlﬁsoﬁl%vﬁﬁﬁtd AR urﬁﬁﬂﬂ%uﬁﬁﬁgé &?Mh[@h tb WGiidity the

12

extension end. In the case where article I's an al

cross-sectional MI which is to form the extensuon Material could also be removed from an -
14- ) of nmandxkislingldticie,ysudr a1 tWibidetblhdeSHRME sith 4 RAnTEHR & BDroVilVEVer
It may Dbe

non-flat surface (e.g. sawtooth patterns, stepped patterns or other non-flat
surfaces) at the end of the blade tip, and thus provide a non-uniform surface on

25  which to solidity 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 damage is
avoided which could promote nucleation of a new grain structure during heating
of the end of the article. This step may be done anytime prior to adding and

30 melting 500 a preform, howe\)er, it is preferred to perform removing 150 prior to
-attaching 200 of mandrel 12 where mechanical or bhysical methods of removal
are to be employed, so as to avoid causing damage to mold 16.



desirabl e that mandrel 12 have a cross-section that is the same gener al

shape as that of the extension end 4, but of a |larger size, in order
to forma | arger ceramic nold during form ng 300. An oversize nandre
12 woul d produce an 5 oversize ceramic nold 16, which would in turn
result in an oversize extension. Such an oversize configuration m ght
be utilized if it i's desirable to perform mat eri al renoval or surface
finishing on extension 20. Conversely, mandrel 12 could be of the sane
general shape as extension end 4, but undet3sd zed so as to produce an

under si zed extension. Such a configuration may be desirable for 10 addi ng

materials, such as coati ngAh@ty&rle%tlﬁé)166‘§n@ﬂﬁ)ﬁ6pt§Hélfr%8vuﬁH 1Q3<ttﬁé‘ﬁé>€?%t 0,
whil e nmaintaining a cross-sectional- shape t- he sane as that o

ext ensi on elfdhe step o aRaghing 200 Wﬂdfeé 1?tt° Pé‘e?ﬁ“é‘f kandieg suriage %W&F‘é‘?' 12
have the sane gengialy comprise afysmatefialt thatlilcompatipRe with eméml maragtiuﬁaceany

conpati bl e cross-se tJ #

the cross-sectiofal ﬁéﬁgﬁg 1 I{tfﬁﬁfsernfa%e{h ;'%Edrey\%et"ééﬂ f/e v\guc bgt t he
cross-secti ondl snmmﬂommaemm@llpe ddlsmom tvéth the sumesllove@f agiclen 2or
extensi on 20. As gs sect | onﬁ? régi%ntd?%xféﬂﬁﬁr?%ndﬁfg seréH @ |tﬁat cr&fuld mterferet\blﬂ'\de

tips 48, the cro hat” of
or that of the etheq siepy ¢ he ’Bﬁtm%ﬁﬂ rpéf“"'_{'ﬂ"'\hW% “?Pa%‘te&?i’t‘%upé F’“&Eﬁ*?'hce 14
t hat C oMU bbAdiheE Surldc 6 4814 @d‘créstfuﬁﬁfé?gﬁwﬂf sedtie olten nﬁ\m‘laﬂzs Thls&

communi cati on may 20 e _suc r.,surface, 14 and ur f
Co0et her form a bemprihiBG esabfipe tuaf mandisk 12 b 5Afes, fomeH Syfatalinel Shaviiie
may be a di sdOnt iattachtey thexteasion bbadidgsdrtece S, and that ttmsmetrtsrtsedﬂmahakb tﬂe has

a different cr Osga:t)tﬁéﬁﬁd FB@lstﬁaaﬂg d?ﬁ?b?é ?oewfﬂgf’a'ﬂg ttlji?gteefobformmg 366t mhﬁleend

4, as descri bed ove I'sconti nult
el enents, outer si@rmayeomprisgimatesialy suchigs puyre |metals,metal %‘&V%@OM'H’F naxes 25

surface 8 of ext %8' Msenﬁtékhin9|éw haw:o?hpﬁw Eﬁi@lrﬁeﬂﬂbﬂraepr@forrﬂéé infin@Fd)
geonetry, (r‘h as a shou necked- down regi on or other surface

t hat i nter connect“§ ngran anachm?'&l'ﬂ%a“ﬁ [FuSh a3 gp ragdhesive, PRt gpay| comprisg & poRdiag 5
| engt.h (L), A4S ShﬂMGss NsuchQds diftdsidiCbonding of. Iﬂw pmﬁhéelauoylm&en fFle’iEr,

t f | | '
Pbt ool 1y e 11 iofs ptsR 8P AP L2 o) R 8 o prtenpion 5 G suBE0R
to the'typical rang!erough foemgandsthen malnalebbilbnmkae foimed. from the rough form using '
Af ter "attaching %@%wmélﬂl rérfoval Fﬁace ltjxﬁfgﬁgr {he ngﬁvai??an drfng?dr?l matelflzﬂ rmng

300 .ceram c nold 1._ over outer su
portion of outer 4lizedachs gn grample of 3itaghing 2904if nagdrshb%\ﬁomwmg@x tﬂ%—“@@.

Ceranmic 20 may be preforﬁﬁh danlﬁbﬂﬁdédbﬁ Eﬁém BY¥ndify sﬁ'ﬂ‘h&@@ edly iby
conpati bl e-w th mandre 6 shoul d

be forned over a EW?%&“&?"’GB? 9 8?4'9(5'1‘“ mel %ﬁ%&ﬁ&ﬁcﬁm ipdyee E 1%t hat
nold 16 will not thetsadice| followakbypessing thedvak mandreldamnmghadxhennjommhdml ting

500+ a pr ef-orm 82 ﬁ] c?s : ﬁlg dﬁrﬂ\%ep e%rﬁlggbgﬁéﬁfdgaéoozﬁ tpé n?até}ﬁl ?o?%ﬁéﬂdpeqdlz

herei n. Known net
: : comprises a metal or meta alloy, the material may be spray formed onto

25 extension bonding surface 6 using known means to make a rough form sufficient
to-form mandrel 12. Mandrel 12 may then be formed from the rough form using
suitable known material removal means. The material used to form mandrel may

.be any matenal that is compatlble wnh formmg 300 the ceramic mold as well as

o _ . any other steps of the method for whlch mandrel 12 may be utilized. Mandrel 12
30 has a cross-sectlonal shape that is companble with the cross-sectional shape of

. extension end 4, as shown in Flgs. 4 and 6. Generally, a compatible cross-

séctional shape may comprise the same cross-sectional shape as that of the

‘extension end. In the case where article 2 is an airfoil, the cross-sectional shape



slurry and thermal spray formng. Ceramc nold 16 may be forned froma
slurry by di ppi ng and wi thdrawi ng mandrel 12 and extension end 4 into
a slurry, or by spraying a slurry over them Ceramc nolds formed from
a slurry exist i'n a green state, and it is preferable to include an
optional step of sintering 250 such nolds 10 prior to adding and nelting
500 a preformin order to increase the density and mechani cal strength
of the nold. Forning 300 may al so conprise thernmal spray form ng using
wel | - known net hods, such as plasma sprayi-ng- Ml ds formed by t her ma
spray formng typically may al so be sintered, but typically such materials

woul d have SUffl&'nﬁHhHrdlrﬁQhﬂiv 5alan5et|mng¢abefo®rthd1§@na&za Mwéve SR ARy 68 { hat
may 15 be usedto na, nullite, alumna/silica

m xtures, cal ci a?es"ab [hg}wﬂ'a?gﬁegg% ha"e ée‘i'%séﬁeﬁtt‘?"oq'a't 'ﬁéh%é?’aﬁgén?fﬁ't gharsl wil |
be done so as t asethatuofethehaxtension endofyiatt idbial fatger afze1in ordaGtoniorh 4 Reger

superal | oy of aréel’éﬁlng @'& #o%ﬂp%er%ﬁlovgr@iz andrelpl% \Rl&ﬁ(!l”pﬁ)r u %ﬁ as to

avoi d contami nation 0 oroext ring
conpatibility WQVBTSBHGS@VWEI{"Q'Q 16nwhick woyid hctuemeselblmearenwsu extemsiorer ami ¢

20 material tcsdchear%o@{geé %nﬁg'lﬁatﬁir\r infgtit 36 ditMgedich igeh&glasue%ope&b%d' ng

600 and sol idify in ai dition to ensurin ficient
nechani cal st rerf@?‘ﬁ"‘ﬂf'e'?‘ \3 r?{)lsH'face inishifigr o gteariar - B%%S%x dpandred 4@ ray
al so i nvol ve ot heuldasgiahe bameé iggneral shape as sxtessiat e, bquhdbrs‘iibdfh%Saﬁton d

_ \ \ h
randr ol 12 ao GuB0RBled Ullertifed Sxplidh, SUéh p conngiriien oy Ye WesltBigler o).

t he shape oflq nt adgéngl malerialassush @&0coating @YB& teatheeouitest susfsce ok extension 20,

continuous pi ecewhlﬁrméinﬁkdi’ﬁgae 'cPdés-QEctBh@lCﬁﬁ e@?a?‘?{ g‘%naé s ﬁhéﬁgnsgélo

mandrel 16 and how ceramc material 1s
Mol d 16 al so hasenst4. Furthermares whilghit isypreterrgd H@&ﬁ?“?fz' 1% hav Pnﬁﬁ'ﬁ?@&ﬂ%@‘ with

nol d cavity 18. éraés-sgtional shapdEdsextansidhednd 4, SanfohPBitIR bRES-88ctidh may BNt er
T a0 o 20 o Wi I8 B GRSt sve, iy o™
general ly halh ngdetblmisemby sthather #e tiloss-seatissal shape of mandtel 32 Jrodusap ehedf
extension end 4, I t he |_ren
gating nmeans 22 déﬁreghmgdé}txﬁngitsgﬁ K%‘an ‘%a?’ggé?‘ v{ehg %onteétoﬂ{teﬁgﬁ&girﬁo;

- 16 - di rblét!e !'PRa4$Itva°f9§S'mﬂP@¢i shmeemmabezl&tuoﬁacsolmnm4&4&9:9) 8,

simlar to gatiNghaffRANS nm 58 (iR 06)! nMa'ﬂGreYal@ QI'dé I%Siﬁ %Qte@réuﬁac@ﬁg tmeans
22 may be formed duri such X adaptin re
d

prior to forni ngc‘%'B‘“'el@gqt%s W‘b(?&ﬁ'es'g@&ﬁ 8.pt extens'%a% JF‘!srﬁij‘B’l"Wﬁ'Rj' mF-lbr
exanpl e, the20rante slictcihat cutemnsupap® 1 flafd auter siirtice 8Stogethdtdbrmy\@ ebatinhisigogat i ng

22 d t dr el
{Tgagfow deUEJ:aP ?né‘% a%t:%%ﬂaa}m%ca Po &%egﬂgygﬁﬁltﬁﬁom%g%ee" E’% - ?:r?l'ars]or ge
f ormed by i ncor pes atheraymandnat & ha$ ar diffeyent| credsegecticnap shidpeadr size thar mamahg
300, so as t0 OP@ReAsiBft ﬁé‘gte %ﬁ&dtgb%vgarw 't ¢ %J tgfr a %&%lﬁi&:ﬂ% bieen

ceramc material to man ext ensi on end a nemnmber .
these elements, outer surface 14 of mandrel 12 sttll commumcates wnth outer

25 surface 8 of extension end 4, albeit by a surface feature of different geometry,
such as a shoulder, necked-down region or other surface that interconnects or
joins these surfaces. Mandrel 12 also has a length (L), as shown in Figs. 2A-2C.
For mandrels used to form extensions on airfoils, such as buckets or blades,
mandrel length typically will range from about 0.02-0.25 inches, which

30 . corresponds to the typical range in lengths of blade/bucket tips.

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



10 ‘After ceramic nold 16 has been fornmed, the next step Is the step of

r.enovi ng 180 mandrel 12. Any suitable renoval nethod nmay be used.

Met hods may i nclude, for exanple, nelting mandrel 12 and pouring the
melt out of nold 16, di ssolution or etching of mandrel 12, pyrolysis
of carbonaceous mandrel s and vari ous nechani cal renoval nethods. In
the case where an optional step of 15 sintering 250 is enployed, renoving
180 nmay be done either before, during or after sintering 250,

depending on the material used for mandret182. However, for
relatively low nelting materials, Applicants believe that it is preferable

to renove Wﬂﬂma@%&hhﬁéd b afy Riefhot N8t is compatlble with mandrel 12 hrﬁh
anot her enbodi ment, of. th

e om0, T isfoigh 36 To st v g hBERS ey b 2 hiGkrt RodipR! of

attaching 400 a m@haommddmetcamsmrerrmwnw 16 ovilk notadethahaBom cexfEmsion amd of
out er surf %mn@ﬁmmgegaoeaam RG 5689 teroft 85 8f HEH {Phnth ﬂngltenbnngtéhé]gzsa mol d

cavity 18 ast r y encl oses extensi on
surface 6 and?3i s agfigserihgdihgrein. Knommeﬂ@dﬁ inelugln deyanings 39%@%gnlalm@¢<fremsa on

50 as ill ;JSt r gt Eslhdyrhnﬁltﬂ&maﬁsp%"y folvRing. tﬁra%ﬁc mow 1d may 86 %’rﬁ‘@b YroRa Slu r*” ly
e easent i al | P AEPE: s HhFaliud Fpfieh f aud PERRRAR o7 4nts & ke, of by -
described herein spaayd\gsamhrrym}edﬂ-neirﬁ Ceramicahsids henmalﬂmn‘arslunytdxlst modTgreeRr ami ¢
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communi cat i ng vm t é al’so
f eatures 0 supier éga@dmmnn meltinat50Pea preformdn resdeg do ‘incraase dhel densityrapd be

formed usi ”9 wel | mechanical st%ﬁél%f ﬁﬂrrﬁémc FORhIRG 860 ?HQQ a&B%ﬁﬁﬁé&sﬁérmJ? "s@fagr med
mold 16 ' may be extensi on end usin suita

to
means for att achifgning HE'HQ §’§% 5ﬂ°‘"“ meth“?'rﬁ“@'l’ f8 P@?E’é yprayin an“{’°'ﬂi| fsmed by
mechani cal att achieiial dprdy ¢armingt tiasicang enayfalso be sintered but typically such materials

:am)ll 7c;mbi nat i gﬁr Wbiia Fﬁ‘@r%"gf%ieagﬂgﬁ%"ﬁél gﬁangtﬁgor ‘l's(?paér? f"gb aéer?'ﬂé?ear@? g}ﬁl cO;nd
the netal lic Hrtilbd gsedSodbrm mold 1R:imciudé alumina, audiite; glumise/silidal mixtuvesy calcia
The method of thig,d RxGRA] %le} YR cEr‘aﬁﬁ&Jﬁwgﬁnﬂ%ﬂl &9 %Qﬁe 561 i%eﬂéf%t‘ea{hgd art

met hods of form ng superall ext ensi ons
U.S. Patents 5, 29&0‘%Fb'&‘McPf 5“%450'@9 the ﬁ@ﬂef#!oél‘lﬂ@dlclm%mﬂql mopem oteriahes,i t s

over the pri- rtuf%ri?% ad:fbr a@l@éﬁ?ﬁaﬁninéﬂ&ﬁ dﬁﬂd’t@ﬁ' nfhfterfapéénof"gxt%h&ormb d

does not require ig & Eanuf acture of nolds and dies for each
different size anﬁ"%ﬁ'ﬁ%@mﬁ?at ty wi Also geel 'Peﬁﬁ“s‘éfﬁtséwg'P’(‘}erh?’ﬁﬁ%e ¢fi{he, coramicod
of fers flexi b20i t ynatetiaksthb\extnsiph end dufing adding @and meltinghso0( a6idmg 600 drde

desired extension h Vit and
t hus the extensi oﬁdﬁp%ﬁ%%o i%gé‘zﬁ F&%%'P ﬁﬁgengﬂlegtaq&%ﬂrengtﬁ éﬁ’% Fr%/’!gce by
adj usting the sizdudngl eaghpef dhesshstepancandl mayndishoinvolvei sthposionipatibitity
relative to the exb@ftirdtBnflONid b Ay & Aok cdvty 1B d&hégé tRASS biRa! &hd O M

the nol d so. as to cause the nbld to cover
passageways, that initially occupied, by mandrel 12 as described herem The shape of mold cavity

25 18 defines the shape of integral extension 20. Mold 16 may exist as one
continuous piece, or a plurality of pieces, depending 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

30 bonding surface 6. In one embodiment, gating means 22 may simply be an
opening in the end of mold 16, generally having the same shape as thé cross-
sectional shape of extension end 4, as shown in Figs. 2A-2C. In another

embodiment, gating means 22 may be a restricted port, that serves to control. or



15 ‘communi cat e t hrough the extension end to the interior of a hollow

article, such as a bl ade, 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 nolten material into the nold through the
gating neans, thus providing a neans for controlling the way in which the
nol ten 20 material Is introduced to the extension bondi ng surface, and
hence t he interaction of the noltengaterial and the extension
bondi ng surface as a m crostructure growth seed. Also, the nold of
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define the shape of integral extension 20, as iflustrated in Figs. 8-10. Mold 16 '

25  will preferably be a fully dense, sintered ceramic. The requirerﬁents 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

| materials. Preform mold 16 ' will also comprise at least one gating means
communicating with mold cavity 18 '. Such molds may also incorporate features

30 such as a contaminant relief means 36 . Mold 16 ' may be formed using well-
known ceramic methods and apparatuses. Preformed mold 16 ' may be
attached to extension end 4 using any suitable means for attaching; such as an
interference fit; any number of mechanical attachment devices; the use of



at nosphere such as argon, or in vacuum The preferred nethod of providing
20 nolten material 26 of N -base alloys is to use a known induction
heati ng nmeans 13 for heating, and to perform such heating in an

encl osed chanber in an argon at nosphere, as illustrated in Figs. 3A
and 3B. This apparatus has the advantage of avoiding the reaction of
nolten material 26 with atnospheric constituents, such as nitrogen
and oxygen. The alloy conposition of nolten material 26 need 25 only be
conpatible with the superall oy conpositionipf the article, such that the
remai ning steps of the method will provide integral extension 20 on article
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degr ee of cduripgtthdifdrimation etjthe extelstdnie ddditibeealigy Gsing ehigntbehtion, it is
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cryst al structure an structure of ensi o
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non-directiongs| Yadvantage(%i Pe@ﬁe‘ﬁ*n%l&%h%h méthtfst ure is sufficient), the
| atitude will generally be w der, that the alloy conposition of

nmolten alloy 26 may be qui t@efﬂ’WQePE‘Hf' torigas- tha@A @nd 3B, following the step of
removing 180 , and any optional step of sintering 250, the next steps are the

steps of adding and melting 500, holding 600 (see Fig. 3A) and solidifying 700
(see Fig. 3B). Adding and melting 500 comprises placing a preform alloy in mold
30 16 on extension end 4 of article 2 and heating the preform to form molten
material 26_having an alloy composition that is compatible with the superalioy
composition of article 2 so that molten material contacts extension bonding
surface 6. Adding and melting 500 establishes intimate contact between
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article 2. Also, in sone applications it may be desirable to develop a
crystal 25 structure and/or netallurgical structure that differs

substantially fromthat of the article in order to develop different
properties to address different requirenents. For exanple, it may be
desirable to have a | ower nodul us and enhanced creep and fatigue

Fesistance in the article as conpared to the extension, and to have

hi gher wear and oxi dation resistance in the extension. The conposition of
the 30 superall oy of the article may heggdi fferent fromthat of the

ext ensi on grown on the article fromthe nolten rraterial. However, as

reported in the r ferenc at ent dif nt .al | C Lti.ons
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500 remaining steps of the method will provide integral extension 20 on article 2, as
described below. Generally, in the context of this invention, compatibility means
.some continuity or similarity of crystal structure, metallurgical structure, or both
between the article and the extension solidified from the molten material.
30 Compatibility also implies that neither alloy adversely affects the other, whether
by depletion of alloying elements, contamination, liquid metal embrittlement,
formation of brittle phases at solidification interface 28, or otherwise.
Compatibility may also imply some limitation on discontinuities in mechanical and



pr'eformalloy, and the tinme utilized during this step. 30
It may be desirable to utilize nmeans to enhance and control the
interaction of the article and the nolten material during addi ng and

mel ti ng 500, hol di ng 600 or both, such as the use of suppl enental
heating, cooling or both, as described herein. In addition, it may
be desirable to provide other known

- 21 - means such as stirring or other agitation within the nolten
material, or agitation of the articletgsuch as by ultrasonic

agi tation. Solidifying 700 is the step during which
extension 20 is ém paieAl Riperties anarrﬁavamp@ca%ﬁameoswsﬁ, én.c@OJf bl b¥eRdod he
nolten material 26 begi nning at extensi on en erring to Figs
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e
that may occur duffRigat ?Og wE‘EfPl 'H 1% FE%’LaP@nthéhH‘ c%"ftg'nﬂ“{ﬁu"i 1fed dnetaligies)
It is preferrisi tSalctird of Hxmpsion2026l0deng natoh aritleigs. §Qeasdéombrageputaxua| 600
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be.done usi g any SGMIGe AT S Pherhy RtenAet. a0 Bt Rt haye A GRg RRAl oneec
sol i di fying cystalnsiructared,uthe detitude will genecplty IhelndrrmgpraMhﬁluﬂtutdhéwbmgxosteans
wi Il typical Iy cogpiifabe tﬂ?t%ﬁe allé?a@&?po%ﬁgﬁ of Ri3MER mtaﬂarriam %ﬂ% %J o)'dr RBAN

article 2; a drive neans ‘into and
wi thdrawi ng it fr&ilar Wethat phartidleds Fosother apnhsatiw&n\mere s notrhgicessarvrthatol t en

material 26 fpgm Bﬁﬁr%é‘b@éthioéfrugﬁre éﬁiﬁﬁwet’ahr&i@&l ReG&tad dfdnd Qﬁenswn matcl'i‘iﬂed' ng
nmeans; and a neans é‘%r control | | not abeél ﬁl@gtﬂt he nmoti on of drive

means during t hes@tEleg: °§§qs|"¥ﬂ an ggy HUPHEP ARt ?lﬂqnaﬁ%'@'%é'%s
for 30  grippi ngritdted arysiat steyctusel ¢ suficiérto e Btitupe iwilDgdrierdity beswidér, e pi Ny

mechani sns. b 00 ng ,600, a d
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article in order to develop different properties to address different requirements.
For example, it may be desirable to have a lower modulus and enhanced creep
and fatigue resistance in the article as compared to the extension, and to have __
higher wear and oxidation resistance iﬁ the extension. The composition of the
30  superalloy of the article may be different from that of the extension grown-on the
article from the molten material. However, as reported in the referenced patents,
different alloy compositions should be selected so that the érystal structure of the
. extension will grow integrally with and continuously from that of the anicie, despite



- 22 - Czochral ski or Bridgman solidification processes. It is also
desirable that the apparatus used to contain the nolten naterial be
above and in contact article 2 i solated to the extent possible from
uncontrol |l ed mechanical vibration. It may al so be desirable that the
means for controlling also be adapted to adjust the 5 notion of the drive
means based on other cal cul ated or neasured factors, either fixed or
vari abl e, such as the tenperature gradient WI thin the articl e, tenperature
of the nolten material, tenperature at the?%rticl e/ ol ten materi al

i nterface or other factors. The steps of adding and nelting 500 and
sol i di fying 700 gy composifignal Jiffaseraesnt Tg’ﬁ rapde of growthrigl sepletimes rtatwed al
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as §queal el é hg Fcause under [ n 0 rat| ng. conditions it
can mterferé gfscribed herejp). o, sqme ﬁW"BFBﬁg? BRIaNYS rapd ogess er o
cl ear ance condl t icomditiohs, a sufficient timee fon|Holdirfg Gumdnay bé @éée&meﬂycﬁro,w ey esal.

rims8 of blade tllll S% ?@rnr){gﬁig ér\nﬁ\%?eda ellag\?’q Swgl?mn%urclil ofol{)gfac O%gg%&sggh a

rub condition, air §the 'Pa s and ox
operation, can altigee2 and meqlien rateriad 26ds meesgamgeprmucelamcﬁﬂnuous, mtegrﬂ he

met hod of the pregRRkion 28Halihe2 rﬁi@fbsﬁuc’i&ehﬁat%@&gﬁé?bk%ﬁ:‘ t'hatsbf
provi di ng an_ extension in the manner describ ove, excep t ex enS|on
56 2 sufficient to satisfy the requirements of its intended appllcatlon For applications

where a larger amount of interaction is desirable, such as the growth of epitaxial
extensions 20, it is anticipated thaf a sufficient time for equilibration will, for most
combinations of articles and molten materials, be Iongér, perhaps as much as 30
minutes. For applications where longer times are expected, estimates of the time

25 necessary can be made by calculating the time necessary to melt back the
desired portion of extension end 4, using known or measured heat transfer
information for article 2 and molten material 26. The sufficiency of the time for

~ holding 600 will also be affected by the method used for adding and melting 500
a preform alloy, and the time utilized during this step.

30 it may be desirable to utilize means to enhance and control the
interaction of the. article ‘and the molten material during adding and melting 500,
holding 600 or both, such as the use of supplemental heating, cooling or both,
as described herein. In addition, it may be desirable to provide other known



- 23 - (or extension 20 when considering the nore general description

af the nmethod) in this instance nay be an extension only of that
portion of blade tip 48 conprising peripheral rim58, rather than
solid extension 56. In order to formthe extension only on rim 58,

contact of nolten material with end wall 62 should be avoided. 5

When rim58 is narrow, or damage extends close to end wall 62,

interaction of rimb58, with nolten nmaterial 26 should be Iimted and
careful ly controlled in order to avoi?dl damage to end wal | 62,
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600 and solidifying 700 be done using the same apparatus. These steps may
be done using any of a number of well-known melting, holding and solidifying
means. A suitable melting, holding and solidifying-means will typically comprise a

25 means (not shown) for holding or gripping article 2; a drive means (not shown) for
moving article 2 into and withdrawing it from a heating means used to form and
maintain molten material 26 from preform alloy 82, that is connected to the
holding means; and a means for controlling (not shown) the motion of the drive
means during these steps. Article 2 may be held using any suitable means for

30 gripping the article, such as known gripping fixtures or clamping mechanisms.
Preferably, adding and melting 500, holding 600 and solidifying 700 will be done
using an automated, programmable, computer-controlled drive means, similar to
those known in the art of crystal pulling, such'as those used to perform the



-24" - article end acting as a growh seed, interaction between the
nmolten material and grow h seed need not include conplete nelting of
the growh seed article end. . Al'l that is necessary is that a condition
exist at the interface to allow crystal structure grow h across the
interface and into the nolten material. 5 Ref erri ng again
to Figs. 1, 3A and 3B, the steps of adding and - nmel ting 500, hol ding
600, and solidifying 700 extension end 4 from nolten materi al 26
establishes a tenperature gradi ent within%aiticle 2 that may  be

viewed as a gradi ent between interface 28 and base end 32, wherein the

t enperature at &zgétvalakil aycBridgovanveolitificatian toredessed. d#ds alsoedesiralenthatttbe f ace
28 to 10  base asa&aﬁz us&h?o &&ﬂa@ﬁ kit MbferOmaifte doldiaRd & %ﬁ(f'd? atlcld ﬁ' e 2

will be a functio he tenperature of nolten materi a

t her mal conduct |'§Fi'act9d & ther ‘E’it?ﬂté’%s'blﬁﬁ@m “““"“’8@%# mgehanicab Kbratipg| dbl!“ﬁ!;

12 nt egI nal hpassag%o\/\bé Hééiraaretthﬁi fheQmeéri%efof a&mrouﬁgvalédwslé avgitedto adlust ma(r]I t It cle
and ot her factor n co ration.of the a se o]

et for m ¢ hi s SretTRSan Sh e it ke hagetpn ditpEfaiciened of BEathRPRBb st

cooling 15 thatfixadgr hmahpp’suodaohstthe Mmpmtwe&rﬂemwgthhhbeartstee;mmpe%ures wel |

known in the ar tofq e mol en rﬁeﬂ ﬂl Ee'n@%‘*dtlﬁrg :ﬁfthgqrﬂtﬁé)m neH ri%l m?

superal | oys, the t errra Interface
sol i dification igherdretas. pTa%étepsf‘écadgmah@dmnema@ﬁpgmr@"@fmméoo may

r es;JIht ant arti Clj@oid:%v&ld@lﬂrﬁl arivs . 2 [aﬁb ??ltéﬂl Matehal bew #d?gfd?ﬁdsteg rcﬂqlhﬁnt S,
on the or der. o end to i rectjona
ori entati on %hd 'H?}P%‘; ic 'C%Gm’ %39@%']' getangl €4 8@3@?3@“"%@@ 30d,the, PRYEY ons

resul ting i n nonefuthedheatirig eeahs would Hmaathcréésw afd esmpeequehthy nddcregisadl ent s

from for exanpl Rp igg'ltslégl SZ { ﬁ reie?red ntfd) &Hﬁ‘? tﬁgrqqér} J:o%l' at
oniafis Betoye (ol t ls ghnotefi' rotetted tp pont] e 1 MR on

the interface whi prono sol’l
material 26 at |mséi°hace 28. The tenperature gradient within article 2, and

particularly at the ext ensmmuem.oarua ohé of {48 p%b&bl@'rééﬁlt@ﬁf {hBtp?éJné&%fg& al so
affectstheﬁi nature of the dendritic ncl udi ng @)acmg of

the primary bhd emboedimentgf thempthod of i ipy \é%‘“mtﬁrﬁhPHP °6fa"fcﬁ‘e‘
gradi ent at i nt efypagrowtBini Figs. 4 and 5, B8 lekiefisibrase.y Exteiwd méxwrhsrfrdm brioRen

or rentat ons, " ei e BBeDPPabled IneFGIRETes witn oraRIA R AP K rofnien

single crystal gemnstnn &6 tchinprisiige new tbiadei tim 48 Was grewmoatcotintingifer thevreelt i on

I 30
T L2020, SRS 0k 3055 G SRR ©,
ext ensi on end0 of vieweof £iig.i5 |ugingjbladedip 48 as a 9"@'4&' éP?ﬂal’es('%ﬂ Resolid ﬁ&ﬁnw 56

conduction from 'ﬁﬁhh@% H&hﬁ‘éﬂb{ﬂ nﬁ’&bstﬂﬁﬁﬂé fvﬁi&h hﬁ&hlhr@kample mcludé@fimﬂuﬂél heat
900 fromthe art %,9" an external, nmea

- 25 - 2  elangetsd e et AR ERTpuea ﬁ@d S iESTal W OGOk et e
article with an aoddertipads. means for heating while also cooling 1000 the
article with an external m%n%&e‘ ®rm of the tip portion of a gas turbine engine air cooled |
25  blade is shown in the fragmentary view of Fig. 6 and the sectional view of Fig. 7
taken along section line 7--7 of Fig. 6. This type of tip is sometimes referred to as
a "squealer tip", because under certain operating conditions it can interfere with
or rub on an opposing member to approach a zero clearance condition. As a
result of such interference, peripheral rim 58 of blade tip 48 can be abraded or
30 damaged. Even without such a rub condition, airborne particles and oxidation,
over a period of operation, can abrade and contribute to the damage of rim 58.
* The method of the present invention can also be used to repair such damage by

providing an extension in the manner described above, except that extension 56



cooling at a location other than the extension end. These optional steps
nay be used with any or all of the steps of adding and nelting 500,
hol di ng 600, and 5 solidifying 700 described herein. External neans for
heating are well known, such as the use of a separate induction coi
positioned so as to heat the extension end of the article. External
cooling neans are also well known in the art of solidification,

i ncluding the use of chills such as water-cooled chills, netal chill
pl ates or other neans. Such cooling neans 2doul d connnnly be attached to 10
base end 32 or transition section 34 of article 2, however, a chill may
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surface finishin %388?" to pe §8‘?"§9 amager angfn needLtABRA. coating, in

order to proglucg a fini shed‘he)ptesaﬁtatwn of Figs. 9-10x whioh @relshown diagrammatically
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30 WO0.9 R&50. dnventipnsiiystrating-thptrepair dfrilade 42 baving a hallownintedios; @s tshowmdn used
~as an artipgd. 9. fedfr e&ifﬁpl@%ﬁﬂfﬁﬁer%? c&ﬁﬁ@s&%eﬁﬂe%‘ia%@ﬁdtpn?’\ggé\sgés P to

the nethod of this . i nvent i on. Is.evaluatio red to
add an ‘ext ensi on "i @ fiyjd cgpledturbine blade °Je‘@L"Po4'? ofFoR conyemiense.psaaR: of dhe

simul ate the repabferedte ﬂuﬁlerlalsaéi'e&ﬁ@%tné s ials beehr débd prewously herein. Fig. 8
- 26 - andgﬁescrl bggl r§ q 'H t ructure of this cast Dl ade
conprised a pl ur &MPYS fim 58 in, conjact wit @P&P?’)‘P' oMplad: back l?;}'r'z?PW’s“ material 28 | n
orientation 20 tHoew préfours allayt &) fiom Herigihal rim edgd lsRowrahe biokén UseE6.asn t he -
nol ten materi al hﬁéj *) . f#\ e a eé'; t he
bl ade. A charge o ts{ﬁll S Rﬁ% é%st'ep@&ﬁ@ér@f’ érq%gﬁn‘pgga@ é&f P'acg hge %8 l&‘ﬁ% t hat
was adapted to b dof the |remgaiging Rortien oy 58 to Tttaaschgnowtiy sead forfthe bdldlflcatlon ofi th
argon, and the a'h&ténWﬁéteiﬂ'iGEdThe-ﬁhﬁa&éJQﬁ@}nb% ﬁm g& N4he ’ﬂ?i %ﬁ% ythbIse
of an induction eatln means, and heated to a nperature o
The eati ng eans, as shown by arrow 54 in Fig 10 while in contact with molten
25 material 26 until extension 56, consisting of the portion of the section above
broken line 72, is grown on rim 58 by solidification from melt line 68 through
continued solidification at interface 28, as described above. If blade 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. 6-10, they may
30  be formed using known methods. For example, such holes may be formed by
drilling with _laser, electrochemical or electro-discharge methods well known and
widely used in the art of material removal. It is contemplated by the method of

this invention that if a molten material has a melting point lower than that of the



article was positioned within a hol ding nmeans conprising a bolt to which
t.he article was welded that was in turn attached to a drive neans .
conprising a 10 threaded drive rod with a digital encoder, for dipping,
hol di ng, and w t hdr awi ng the article. The drive means was

I nterconnected to a neans for controlling the notion of the drive
means, conprising a conputer-based controller, that was adapted to
control the depth of insertion of the article into the extension end of

the nolten material, the hold tine, and t24-rate of withdrawal. During this
period, 15 the blade interacted with the nelt by nelting back the inserted
portion. Fartidiér endracting asrnegdamdeee*dhmrmhamemeanh@mowéﬁ ﬁiﬂteﬁél%ﬁdh seed

for solidificati f fr 0
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morphologies and orientations, either polycrystalline directional soliditication or

single crystal growth, within the extension. The method of this invention may also

30 include the use of optional steps to alter the temperature gradient within article 2.

 These steps may include: heating 800 the extension end of the article with an

external (other than by conduction from molten material 26) means for heating,

removing heat 900 from the article using an external means for cooling the



di f f usi on bondi ng together of matched, separately generated, ‘distinct

nenbers. It was simlar in sone respects to the interface described
in the related art 15 ref erenced patents that describe the continuous
casting of blade tips. However, no means i s necessary for applying a
fluid pressure to the nolten material in the met hod of this

I nvention. The principal distinction between the present invention

and nmuch of the related art lies at the interface. In the present exanple,
t he extension may be grown epitaxialky-by [aying down one | ayer of
atons after 20 another fromthe nolten material selected for the
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repairing such an article usual di sa van geous
passageways as t h¥ithiipssepst al flows into them 10 and sol i d| fies.

Addi ti onal me2thi ni ng oper at Reﬁﬁ'mb%amatbﬁ-'lg'se@lﬂldnﬁcbﬁ @ Wlﬁ%&%rbettl%og[ nized by
passageways.

rec e denpnstra
control I ed growt hthge skilled in the, att of s8ﬁ‘§ caB‘P“'[C'j gt'?‘ﬁ'@"%?”%hbﬁ @‘%@‘W’r ed
in airfoil bl ade ampxtepgien formed wking this methoali dvmrgeaerawsbemhn Qﬂfnﬁ%e‘dmrrﬁaf ent

airfoil, can be ag,q,d);m] ‘ﬁé}g‘%f}tog%ﬁh ehphest eeﬁr%%lignall Irrlr%l}%d d on one

extenS|on it should bé n
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such as a mul 23 pl fentavalantforBuAskd firishing slé}, BF §R&F forhity B bl QAFariiB ¥o&tingCin
order to produce a finished extension.
ample 1
An existing blading member in the form of a turbine blade made
from an alloy _composition of Ni-13.7 Al-7.9 Cr-12.3 Co-2.1 Ta-0.1 B-0.9 Mo-1.6
30 W-0.9 Re-0.6 C-0.5 Hf excepting impurities, in atom percent, was used as an
article for the purpose of forming an extension ac.qording to the method of this
invention. In this evaluation, it was desired to add an extension to the airfoil
section of a turbine blade to simulate the repair of a tip as shown in Figs. 3-10,



be used for repair of other directionally oriented articles having

passageways such as airfoil vanes. 20 As al so noted
in the referenced patents, although it was concl uded that the crystal
structure of the extension should be substantially the sane as that

of the existing article, it was unexpectedly found that considerable
variation in nmetal lurgical structure, notably alloy conposition, between

t he extension and existing article is permssible, and may even be
preferable in sone 25 cases. This resul t2fnay also be applied to the
utilization of the method of Appl i cants' invention.
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a base and a partially hollow airfoil section having an outer cross-section. It did
25 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, \)vhich closely approximates the
peripheral rim in a typical turbine blade having an end wall as described herein.
" Therefore, this example closely approximates the microstructure and geometry of -
30 typical turbine blade tips, and serves to demonstrate the method of this invention
for the growth or repair of such tips. The article used had a first crystal structure
in the airfoil section comprising a plurality of directionally oriented elongated
grains, and a first metallurgical structure based on the alloy composition of the



30 What is clained is: 1. A method for providing an integral
extension on an article, conprising the steps of: " selecting an
article conprising an extension end having a cross-sectional shape, an
ext ensi on bondi ng surface and an outer surface defined by the
cross-sectional shape, the extension end al so having a superall oy
conposition and a directionally oriented crystal structure;

attaching a nandrel to the extension bondlng surface, the mandrel having a
cross-sectional shape that is conpatlble\ﬂtrlthe cross-sectional shape of
t he extension end and an outer surface that comunicates with the outer
surface of the extidasinggralad continuous witlf therairfaij sectioorvasian extdndiop\neving ae

outer surface of sdchfg H@aéraiuc@wa@h doﬁ@rﬁlratl&h Srdl dfhp@fibid Wfin MY fift é%ténace of

t he extension end, the nol cavity wih a shape t

defined by the nelfgiuEs obitg ?'@"a%“éﬁ?’éc?"f’c?'i?e‘f‘?"mg 1 RRCgA ApRiallyraical Sf"H‘iﬂé’Qr al

ext ensi on; that was ramss a@thbmsrmmuiwhpanbm with, buti mmmngusﬁﬂg@ddaané
preform havi ng ap,

super al | oy corrp03|r§"1 gh%yf"%{)g%?ﬂ@dﬁfg 3"3§ Vit § dl"e to SRRk ﬁé’?ﬁ"ﬁ”&ef%}e d'Poy
pr ef orm under cospacinglrestiting it dlﬁersnmera'ppbladamsmse@to gmwdhd erigiael attietet i ng
means, the artichgy gl eerbI&{édedﬂol\ﬂPﬁbel‘hﬁ%xQﬁl @%&ﬁot%éu&%rm&bwg : o cduring

sai d rreltl ng so that t ten al conta ts t ext ensi on
surface for a ti Meldsdhg F%‘Idéﬁﬁﬁ‘{'bpfﬁ’é?ﬁ descrieeds ity thas9amPlsolsdilveirative phée t o be
heat ed by and i ng&idaicition préceces WREH 8étunwh6y aBratidTioldois lused:t The caamid h

seed; and 10  mold defines the shape3 %f 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 similar in some respects to the interface described in the related art

15 referenced patents that describe the continuous casting of blade tips. However,
no means is necessary for applying a fluid pressure to the_molten 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 'present example, the
extension may be grown epitaxially by laying down one layer of atoms after

20 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,
unlike the prior art interface bonding techniques for which such secondar;' grain

25  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 over most related repair methods which
have equiaxed grains at the interface and in the repaired area is significant in

.30

terms of mechanical and metallurgical properties, since the metallurgical grain
structure of the original article does not match the extension or repaired area by
use of most related art methods. Even where different alloys are selected for the
body and extension, it is anticipated that there will generally be a gradation in



. cooling the extension end under controlled thermal conditions so as to
cause the nolten alloy to solidify on the growmh seed, at an interface

bet ween them that noves fromthe extension bonding surface into the nolten
all oy, as an integral extension that generally conforns to the shape of the
nold cavity and has a microstructure that is conpatible with the

m crostructure of the extension end, the controlled thermal conditions
conprising maintaining a tenperature gradient within the article such that
the tenperature is highest at the interfacg and decreases within the
article as a function of increasing di stance fromthe interface. 2.

The nmethod of claim1, wherein the article is a conponent of a gas turbine

engi ne. 3. metaipyrgicalstiyeiyre i the interiace raginn; as; ?1’°£SH'é ot BRISIREIRE of atogre
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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

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

20 As also noted in the referenced patents, although 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 strﬁcture. notably alloy composition, between the
extension and'existing article is permissible, and may even be preferable in some

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

The methbd of this invention has unexpected advantages over
related methods for providing extensions for articles, such as airfoils, in several
respects. Welded extensions must have compositions, melting characteristics,

30 flow characteristics and potentially other properties that facilitate the use of the
welding processes used to form them, and thus frequently have compositions
that differ from the compositions of the articles to which they are added. Also,
welded extensions typically have an equiaxed microstructure due to the nature of



32 7. The nethod of claim1, wherein said step of formng the

ceram c nold conprises slurry formng or thermal spray form ng. 8.
The method of <claim 1, wherein the ceramc conprises alun na,
mullite, alumna/silica mxtures, calcia or zirconia. 9. The net hod

of claim1, further conprising a step of heating the extension end of the
article with an external neans for heating during either of said steps of
melting or cooling in order to control the tenperature gradient at the
interface and within the article. 10. -29- The method of claim1, further

conprising a step of cooling the article with an external neans for cooling
during either oftheavdldisd psessts oadd torfgrmothean ahd ttysido mot dam the directionally t he

%ﬁ?%?hg&eo?r 2?53&‘&@?@&5'{%&0&9@ h%?%réaﬁgsé%lg k\'lhﬁ"l Ph? w@lrh'bb Cclfelhs ln%(él(r{tlon
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m crostructure o sion end ticle.
10  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
15 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 skilled in the art. All such variations

20 and modifications are intended to be encompassed by the claims set forth
hereinafter. '



33 14. A nmethod for providing an integral extension on an article,
conprising the steps of: selecting an article conprising an

ext ensi on end having - a cross-sectional shape, an extension bonding surface
and an outer surface defined by the cross-sectional shape, the extension
end al so having a superalloy conposition and-a directionally oriented
crystal structure; attaching a prefornmed ceramc nold over at

| east a portion of the outer surface of the extension end, the nold having
a nold cavity which at |east partially engloses the extension bondi ng
surface and is adapted to define the shaﬁé of an integral extension, the
nol d al so having at | east one gating neans conmunicating with.the nold

cavity; i nserti ngVhat idclimedgs:ef or m havi ng an al | oy conposition
that is conpatible wthy thea rS#RRs 0t proViding ERMRbratdktdndioR ohh dAndiél
cavity; mel ti n?ngt he all oy preformunder controlled conditions by
appl i cation of HOMPESIRY MR SRS ng neans, the article, alloy and nol d bei ng

oriented either prior to oselétting ag amuleicdmd;rtsiug@rsemeﬂswn déritichavirigt & broas-| oy
contacts the exten ondi.n rf . Ll f t the
ext ensi on bondi n~°ge ?ﬂ'argﬁ % Sn%é%ﬁggﬁg)g"%@g gmc? fa’ra:';{'cédug'J %?%ge%%f‘rg '

al |l oy as a misr other cssisectipneivshapecthe @xtension end algpdiaving ahsursiallaysi on
end under Con”owngg ﬂ@ﬁéﬁ@é dﬁeaﬂhéuy%ams@c@aatanﬁwe the nolten alloy to

solidify on the gr seed an I'nterface between themthat rmves from
t he extension bondi ng surfﬂﬁ%‘”i"ﬂl@ fMaadish |19 cthe apxteRsion, bopding n3ustacs, th

extens ![ on : hat ?ﬁﬁﬁﬂ@l Ingvieg e Qf‘fﬁ'*e‘{dﬁﬁf shdpRpP thadfis tddempatibld WﬂVIﬂiQ/ cmd- has a
m crostructure e W crostruc t he extension
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di stance fromthe interface
at least a portlon of the outer surface of the extension end, the mold having a

mold cavity with a shape that is defined by the mandrel and is adapted to define
the shape of an integral extension;
15 removing the mandrel;
inserting an alloy preform having an alloy composition that is.
compatible with the superalloy composition into the mold cavity;
. melting the alloy preform under controlled conditions by
application of an external heating means, the article, alloy and mold being
20 oriented either prior to or during said melting so that the molten alloy contacts the
extension bonding surface for a time sufficient to permit the extension bonding
surface to be heated by and interact with the molten alloy as a microstructure
growth seed; and
cooling the extension end under controlled thermal conditions so
25 as to cause the molten alloy to sblidify on the growth seed, at an interface
between them that moves from the extension bonding surface into the molten
alloy, as an integral extension that generally 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
30 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.
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15. ' The nethod of claim 14, wherein the article is a conponent of a

gas turbi ne engine. 16. The nmet hod of claim 15, wherein the
conponent is an airfoil. 17. The net hod of claim 16, wherein the
airfoil is a blading nenber conprising longitudinal axis, a root, atip

having an airfoil shaped cross-section normal to the |ongitudinal 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 correspond%1to t he cross-sectional shape.

18. The method of claim 14, wherein the alloy and the article are all
"Ni -base, Fe-base, Co-base, Ti-base, or Nb-base superall oys. 19. The

nethod of claim 14, whereip, tTee methaiTolclabDy iwhesei® thdTicoMponant lié Lo,

alumnal/silica rgm; ures, calcia or zirconia. 20. The nmethod of claim

14, further conprising a step of heating the extension end of the article
with an external means for Beat Fig methddnef cairha, whéreinathd aiffalpis @blagirigt i ng

or cooling in Orrﬂ&hbér%oﬁﬁﬂ&iﬁé’|onb#lﬁliﬁa?ﬂ%i§r§ro'd l?f ﬁfu nlﬂrfor# %H:aph@tc%r;ace

and within the article

conprising 2 st 3pclign EB@H' ﬁ‘@) “E%@“&F'{q"lﬂ' é‘xlﬁn PH'PaHO'E‘}ﬂgqufﬁﬂce rasdna tip girfaibol i ng

during either ofsusfaca) ant @pairivhl sattioni wiichojbing @@ ﬂoﬂgaﬂdrth@hﬁ'eéndtvﬂle?é?ﬁ‘iﬁeoﬁp the

t errper ature gr adoo‘?r@sp& sttgﬁhe %&t%%&.%‘r? eeng nﬁi\ewlp Dondmg sur%ce corl'rgsponds 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.

10 4., The method of claim 1, further comprising a step of
heating the extension end of the article with an external means for heating during
either of said steps of melting or cooling in order to control the temperature
gradient at the interface and within the article.

"5, The method of claim 1, further comprising a step of

15 cooling the article with an external means for cooling during either of said steps of
melting or cooling in order to control the temperature gradient at the interface
and within the article. _

6. The method of claim 1, further comprising a step of
heating the extension end of the article with an external means for heating and

20 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 elther of said steps of meltmg or

cooling, wherein both steps are performed in order to control the temperature
gradient at the interface and within the article.

7 . The method of claim 1, wherein the integral extension has

25 a directionally oriented microstructure.

.8 . The method of claim 7 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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35" 22. The met hod of claim 14, further conprising a step of heating
the extension end of the article with an external neans for heating and

‘al so a step of cooling the article at a | ocation other than the extension
end of the article with an external neans for cooling during either of said
steps of nelting or cooling, wherein both steps are perforned in order to

control the tenperature gradient at the interface and within the article.
23. The method of claim14, wherghbn the integral extension has a
directionally oriented m crostructure. 24.

The met hod of cl ai m 14,
wherein the directionally oriented mcrostructure of the integral

extension is substantially9an &petheditel pravidies an dMegsal extrnsion cacan Hide. v
oriented m crostcsmgﬁmgathgfstép@%f;ext ension end of the article.

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 superalloy
composition and a directionally oriented crystal structure;

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 is adapted to define the

shape of an integral extension, the mold also having at least one gating means
communicating with the mold cavity;

10

inserting an alloy preform having an alloy composition that is
compatible with the superalloy composition into the mold cavity;

melting the alloy preform under controlled conditions by
application of an external heating means, the article, alloy and mold being
oriented either prior to or during said melting so that the molten alloy contacts the
extension bonding surféce for a time sufficient to permit the extension bonding

surface to be heated by and interact with the molten alloy as a microstructure
growth seed; and

15

20 cooling the extension end under controlled thermal conditio_ns_ §0
as to cause the molten alloy to solidify on the growth seed, at an interface
between them that moves from the extension bonding surface into the molten
alloy, as an integral extension that generally conforms to the shape of the mold
cavity and has a microstructure that is compatible with the microstructure ot the
25  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. ' '
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