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whi ch an end of the article is used 15 as a growth seed for the
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incorporated by reference.

Field of the Invention
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 compatible alloy -composition on an end of an
article having a directionally oriented microstructure and a superajloy composition,
and yet more particularly, to such a method in which an end of the article is used
15 as a growth seed for the directional solidification of the extension directly by
casting a compatible molten alloy into a ceramic mold that is attached to the end
of the article and used 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
20  shingles.
Background of the nvention

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 atticles
having complex shapes, such as the directional solidification of Ni-base
25 superalloy blading 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 examples of
processes for making directionally oriented, superallioy blading members, such as
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solidificati-Ongrg (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.
15 Typical patents which disclose features of this process include U.S. Patents
3,471,266; 4,120,742 and 4,937,053.
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 atrticles, including turbomachinery airfoils,
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 ‘792 patent
describes the desirability of matching crystal structures across the bond interface.

By using the casting technology described above, a directionally
oriented article, such as a blading member, can be formed as a single crystal or



Frequently, a seed crystal is introduced into the liquid to initiate
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solidified art l‘é\slis%nc%a& l?ﬁeg E%gomntlg‘ Thus, these members are formed, as
described herein, so that the <001> direction is the growth direction and
corresponds to the longitudinal axis of the member. '

nterface

. 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
4,010,531. Such a blading member comprises an airfoil-shaped outer wéll
havir}g' 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 environmients where they are
exposed to a variety of environmentally related damage and wear mechanisms,
including: erosion due to impact by high-velocity and/or high temperature

25 airborne particles, high temperature oxidizing and/or corrosive gases, low-cycle
fatigue processes 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

30 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
directionally oriented microstructure, are damaged in the tip or extended end
region, whether in operation or during manufacturing, the problem of their repair



preferred crystal orientations, and these orientations may be formed within
. conponents so as to produce non-isotropic, orientation-related physical and
5 nechanical properties along certain directions within the conponent.
The desired crystal orientation in nickel-base superalloys frequently
used for turbine engi ne conponents, such as bl ading nenbers, is that
the <001> crystall ographic direction be parallel to the |ongitudi nal
axis of the nenber, in order to mnimze the elastic nodulus al ong the
| ength of the nmenber. This orientation i,s known to 10 provi de a good

bal ance of the creep strength, ductlllt§ and thermal fatigue

resi stance of these conponents. Thus, these nenbers are forned, as
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processes. 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 airfoll.

. 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

25  herein, 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

30 opening and die 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 molten material, whereupon the article is withdrawn

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



-4 - becomes nore conplicated and difficult, because of the necessity
. of maintaining physi cal and mechani cal properties in the repaired
portion that do not degrade the overall performance of the conponent.
Thi s problem of repair becones particularly acute when a directionally
oriented mcrostructure nust be maintained 5 in the repaired portion, as
Is frequently desirable in directionally oriented articles such as
airfoils, because of the difficulty of replicating the original directional
orientation in the materials used to make the repairs.
One nethod that has been used for the r&pair of turbine blade tips,
has been to add material to the damaged or worn portion of the tip by 10
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and a di e ext ctempgliblamiiey matenalc prefarably aesuperaligysmatgrial, withip e\egramic mold
that is attached over the end of the article, followed by controlled cooling and
1S  solidification of the cast 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 comprise a
microstructure of equiaxed grains, a directionally oriented crystal structure
comprising a plurality of grains or a single crystal. Further, the method may be
20 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 made by casting a compatible alloy into a ceramic mold
that is attached on an end of a directionally oriented superalloy atticle, followed
by solidification of an extension by controlled solidification of the cast material.

25 The ceramic mold serves in part to control the shape of the extension.

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

30 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



applying a fluid pressure to force a nolten material into the die

. extension. The article end on which the extension is to be forned is
then placed into the die 30 opening and di e extension and into contact
with the nolten material. The article end is held in contact with
the nolten material for a time sufficient for the article end to

interact with the nolten material, whereupon the article is wthdrawn
through the die opening at a rate that permts directional solidification

of an extension on the end of the article. A
description is given of how these netheés - may be used to repair
bl adi ng nenbers, particularly their end regi ons and extended ti ps.
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10 gating means, the article and mold having been oriented prior to said casting so
that the cast molten material is in contact with the extension bonding surface;
heating the cast molten material with an external means for heating while holding
the extension end in contact with the molten material for a time sufficient to allow
a portion of the extension bonding surface to be heated by and interact with the

15 molten material as a microstructure growth seed; and cooling the extension end
under controlled thermal conditions so as to cause the molten material to solidify
on the growth seed, at an interface between them that moves from the extension
bonding surface into the molten material, as an integral extension that generally
conforms to the shape of the mold cavity and has a microstructure that is

20 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.

' In a second embodiment, a preformed ceramic mold may be

25  utilized, rather than forming the ceramic mold in situ.

Control of the temperature gradient during solidification of the
extension permits control of the resuiting microstructure of the extension. For
example, to form a microstructure comprising a plurality of directionally solidified
grains, or a single crystal microstructure. Additional 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 Description of the Drawi



15 solidification of the cast material. The article may al so have
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Fig. 4 is a cutaway illustration of a turbine blade for a turbine
engine, including the extension end or blade tip.
Fig. 5 is a fragmentary diagrammatic view of a repaired airfoil,
15 shown with an extension formed according to the method of this invention,
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,
20 taken along section line 7--7.
Figs . 8, 9 and 10 are diagrammatic sectional views illustrating

one embodiment of the steps of the method of the present invention on a
partially hollow article.

D (] venti

The present invention comprises a new method by which an

25 extension may be grown directly on an end of a directionally oriented, superalloy
article, through solidification of the extension from a molten bath of a superalloy
material which is cast into the article extension end. This method aiso 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

30 provide an 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



5 extension end, the nold having a nold cavity with a shape that is
. defined by the mandrel and defines the shape of an integral extension,
the nol d having at | east one gating means that comrunicates with the
nol d cavity; removing the mandrel ; casting a nolten material having an
all oy conposition that is conpatible wi th the superall oy conposition
of the article into the nold cavity through the 10 gati ng neans, the
article and nold having been oriented prior to said casting so t hat
the cast nolten material is in contact with the extension bonding surface;
heating the cast nolten material with amexternal nmeans for heating wile
hol di ng the extension end in contact with the nolten material for a

tinme suffici enfirub@reibf 0¥ article trord mﬁvhtthsrex@ﬁsl&m% @5mnsnn@nn&ﬂéwmag paur f ace
to be heated g}/ﬂand i nteract with

m crost r uct ur HFEeHMABAEW ’ﬁﬁ"st%'ﬁl‘ﬁ"rfé‘c? ﬁgngﬁ't %’ﬁ |"8?f‘“ ?{Oleplace ex'ﬂﬁ‘@er
control | ed t hegxtaisions.n Whille qratentialiyassetub os auside varetyrot hmnlemhermeﬂhocm

POt e ext ertfdndeRfo’s AtuuBR fhondin ABliRY Sh LRERSBFLIES BnblSILEDY MOves

surface in en naterialy fas an
i ntegral et enbaliow intader qmlrmeahus/ or passag@mqrmwatm wite t%h@bwdmetlwe mol d

cavity and hasth?odah%&%h& WA twHich thBahdnSior & to 6O FREA. blﬁuw thia théifod is

m crostructure of the extension end, the controlled t

condi ti ons corrbﬂ"‘s!-i'aﬁ'g usgiubier forming ok fepaifing the: tips of QWS@P@HFQ\MWGH"- SHd article
such t hags tumsind prapey.at ure Is highest at the interface and decreases

wthin the article as_a,function, of Jncreasi di st an efromthe
i nterface. As used hereluht c Eeé%‘oﬁﬂs%ﬁgt&f? nt, mtgn% PIPRYY

cer am ¢ nol@ nthe dverali®erystal morplology, suab hsia slrtmwaalnmugnplemngateammnsml din
situ. and other crystal fomg3 %& HeirYriehtffon’s S TRE 1" Qir Q%IZererqb' + ng

solidification ension permts control esu flng
m crostruct ur e"dfectipral e@ﬂ@#ﬁbﬂn orryimilar terms feinin é‘fObQinQﬂeﬁiQQ crystal

m crostructur esﬁ&%ﬂ@é ShélGdify &bé&:éﬂdup )éolwffied'pbﬁélgrb@ﬂﬁé kiucibs ‘ébr‘;\br%%g a
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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 metallurgical structure can be determined and identified by a
variety of known and widely used analytical techniques including chemical or
spectrographic analysis and various x-ray, microsopic and photomicrographic
methods. The term “microstructure®, as used herein, comprehends both the

25  crystal structure and the metallurgical structure.
As illustrated in Figs. 1, 2A-C and 3A-B, the present invention is a
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
30 6 and outer surface 8 defined by the cross-sectional shape, extension end 8 also
having a microstructure comprising a superalloy composition and directionally
oriented crystal structure 10; attaching 200 mandrel 12 to extension bonding
surface 6 (see Fig. 2A), mandre! 12 having a cross-sectional éhape that is



-7- Fig. 1is a flowdiagramillustrating the method

. of this invention. Figs. 2A, 2B and 2C are sectional
views that illustrate the steps of attaching the nmandrel, formng the
ceram c nold and renoving the mandrel, respectively, according to the
met hod of this invention. 5 Fig. 3Als a sectional view
of an apparatus adapted to practice the nmethod of the present
invention, illustrating the step of casting a nolten superal | oy
material and holding it in a cavity consisting of a ceramic nold and the
article, in accordance with this inventign. Fig. 3Bis

a sectional view of the apparatus of Fig. 3A, showing 10 the step of
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fragmentary diagrammatic view of a repaire
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and solidifying 700 molten material 26 (see Fig. 3B) onto extension end 4 under

15 controlled thermal conditions and at a rate which causes molten material 26 to

sqlidify on the growth seed at interface 28 between them as integral extension 20

that conforms to the shape of mold cavity 18 and has a microstructure that is

compatible with the microstructure of extension end 4, the controlled thermal

conditions comprising maintaining a temperature gradient within article 2 such

20 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 choosing an article 2 on

which an extension Is to be provided. This may include selecting 100 a newly

- manufactured article that does not have an extension, or one which requires

25  addition to or modification of an existing extension. It may also include selecting

-an article having an existing extension that has been used in an application, such

as a turbine engine, and which requires modification, replacement or repair of the

existing extension. An article 2 of the present invention may comprise many

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

30 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,

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



ceranmic nold to assist in formng the shape of the extension. Through use

. of the article itself as a seed or neans for initiating growh, the
met hod may be used to 30 provi de an extension with a crystal structure
and overall mcrostructure that is conpatible with and conti nuous
with that of the article, including an extension havi ng a

m crostructure that is generally indistinguishable fromthe netall urgical
-8 - structure of the article fromwhich the extension is grown. The
met hod may be utilized to make new extensions on such articles, or to
repair or replace existing extensr&hs. Wile potentially useful on a
w de variety of articles, the nethod of this invention is particularly

useful in prowkidi3ug agrshowh emFigan3anadanar4t i Edrearticles acharing a lohgitdding i nt er i or
and openi ngs ar. sa C L.eatin | t Lnieri

through the er?&egt R%?tﬁﬁyt'ﬁ%‘%hgégsqeoﬁe%lgsnbgd ag ?’(RJ’MS?g Ny 8{'?1 33 met hod
is parti dransitiony seption ¢ dndrextansion repdch as shawn |lm§i95héAtanp§Bof Ingar f oi |

bl adi ng menber efeﬁé?@mbocflmeﬁsaﬁllz‘lﬁbé &ﬁnﬂ?is@éjﬁﬁ Irfgil, such as a blading member /S _Used
herein, the term"cr structure 1s Intende he overal |
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and other cry<Sdompriédd tise oinsbtmlzseamom&é&aﬁ aelaaa?oladlfh@ 48?Wﬁﬁ:h dérréﬁfbhuonal ly
ori ent ed" ‘dire %ona orient at{’ffns or simlar

strongly or i erlPpsg end; 34, transition seplipn, 34, .and pxtersing ARy 8r f%ﬁ???@ﬁ&r 3§
solidified polghowpsinaFigs.nBA sindGB. urEasecMrrmayshavg reany forms,pbutr ganetallyof
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structure" as u ereiln, SucC characteristics as
overal| 10  sich@s@adisioer blisk.oWhetapladd 42 lsradaatnd erwéeywltb@ tuingodisk, #paci ng

and conposi ti ofurfafally compris¥sGatidiet 3L&Fas RRAZAS44 ANl Uvaas potlendas k&S, etc.
within the crystal structure For
makmg such attachment. Base 44 may also comprise a means for
communicating with a hollow interior defined within the airfoil section, such as
internal passageways or channels 44C. Airfoil section 46 of turbine blade 42 is
15 = well known, and generally comprises concave pressure sidewall 46A, and cbnvex
suction sidewall 46 B that connect leading edge 46C and churdwise spaced
trailing edge 460.' and blade tip 48 that interconnects thése elements at the
outer end of the blade (see Figs. 4 and 6). Airfoil section 46 also frequently has
a pattially hollow interior 46E, that communicates with internal passageways 44 C
2(_) in base 44 for the purpose, in use, of circulating a cooling fluid, such as air, from
base 44 into airfoil section 46. This partially hollow interior typically comprises
serpentine or labyrinthine shaped cooling channels 46F that communicate with
the exterior of airfoil section 46 through passages or holes 50. Cooling channels
46F also frequently communicate with end wall 62 in the form of a plurality of
25 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 airfoil section 46 away from
base 44. Referring to Figs. 4, 5 and 6, blade tip 48 may be solid (Fig. 4), or it
may comprise an end wall 62, and a peripherally extending rim 58, where rim 58
30 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
{gas turbine buckets generally being much larger than jet engine blades) and the



exanpl e, N -base superalloys that are cast and directionally solidified

. generally I ncl ude gamma prinme precipitates, spaced dendrite arnms and
vari ous other 20 di sti ngui shabl e phases, such as various carbi de and

carbonitri de phases. The crystal structure and netall urgical

structure can be determ ned and identified by a . variety of known and

wi dely used anal ytical techniques including chem cal or

spectrographi c anal ysis and various x-ray, mcrosopic and photom crographic

nmet hods. The term "mcrostructure”, as used herein, conprehends both the
25 crystal structure and the netall ur.ghcal structure.

As iIIustrated in Figs. 1, 2A-C and 3A-B, the present invention is a
met hod for 3 in
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is a to defi | ntegra exte sion 20,
nmol d 16 havi ngsatEﬂt@&&q“ et g&pmgpﬁé%mn ggtensmn bonding or growth surface 6.

This surface is the surface from which integral extension 20 is grown using the
method of this invention. Extension bonding surface 6 may have any suitable
shape or size, including planar or non-planar shapes, depending on the desired
15  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 aitfoil shape 'illu_stra'ted by tim 58 of
blade tip 48, examples of which are shown in Figs. 4-6. Extension end 4 also
comprises outer surfacé 8 that may be any suitable shape and size. For airfoil
20 blading members, outer surface 8 corresponds to airfoil surface 53, 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. )
A selected article 2 also has a superalloy composition and
25  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,
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
superalloys, and specifically Ni-base superalloys that may be directionally
solidified or formed as single crystals. Such superalloys are presently widely used

30



that communicates with nold cavity 18; renoving 180 nandrel 12 (see Fig.
20); casting 500 nolten material 26 having an all oy conposition that
is conpatible with the superall oy conposition of the article into nold
16 on extension end 4 of 10 the article 2 through gating neans 22 and
contacts extension bonding surface 6; hol di ng 600 extension end 4 in
contact with nolten material 26 for a tinme sufficient to allow a
portion of extension bonding surface 6 to be heated by and i nt eract
with nolten material 26 as a nlcrostructure grow h seed (see Fig. 3A);

and solidifying 700 nolten material 2618see Fig. 3B) onto extension end 4
under 15 controlled thermal conditions and at a rate which causes nolten
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useful forns, characteri zed nost ener al as havi ng ext ensi on

end 4 30 oﬁXtﬁPﬁ'Q!he%4 chblade Hip 48 remened p tashitate, “Ieoa iiop of peY MaARiahg a
Cross-sect i ongkcoiiA@eo the methodeofitRIBShvtiioNdhiads INustrard A FAGIdI eyttes sur f ace

oot S5 Bl 8aK o S5, . poReR O BRI Blg 314361l 1ag 08522,
| ongi t udi 18l deoeatresdreair 8¢ vtk llmuidamolten maledaig2@ aotionexttension end 4. For
example, it may be desirable to remove heavily oxidized portions of a turbine
blade tip to enhance the interaction with the moiten material in the subsequent -
steps of the method. Where extension end 4 is blade tip 48, it may also be
desirable to remove a portion of blade tip 48 in order to give the remainder of the
20 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 tip 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 as to provide a
25 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
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 damage is
30 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 casting 500,
however, it is preferred to perform removing 150 prior to attaching 200 of mandrel



- 10- axis 30, as shown in Fi gs. 3A, 3B and 4. For articles 2 having a

| ongi t udi nal orientation, they may further be described as conprising
a base end 32, transition section 34 and extension end 4, as shown in
Figs. 3A and 3B. In a preferred enbodi nent, article 2 conprises an
airfoil, such as a bl ading nenber 5 in the formof turbine blade 42, as
shown in Figs. 4 and 6. Turbine bl ade 42 conpri ses base or root 44,
airfoil section 46 and bl ade tip 48, which correspond to base end 32,
transition section 34, and extension eng.4, respectively, as shown in
Figs. 3A and 3B. Base 44 may have many {rnms, but generally conpri ses

a neans for attaching blade 42 to other (ﬁortlons of a turbine engine 10
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with the thi Ckrﬁ?ﬁ%oﬁ?ﬁohﬁ%hhh&f mtancfi'el 12 may be formed from the rough form using
20  known material removal means suitable for the removal of the mandrel material
utilized. As an example of attaching 200, if mandrel 12 comprises wax, the wax
—~ may be preformed and bonded to extension bonding surface 6 merely by
warming this surface to soften or melt the wax sufficiently to induce bonding to
-the surface, followed by pressing the wax mandrel 12 onto the extension bonding
25 surface. As a further example of attaching 200, if the material for mandrel 12
comprises a metal or metal alloy, the material may be spray formed onto
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
30 be any material that is compatible with forming 300 the ceramic mold as well as
s any other steps of the method for which mandrel 12 may be utilized. Mandrel 12
has a cross-sectional shape that is compatible with the cross-sectional shape of
extension end 4, as shown in Figs. 4 and 6. Generally, a compatible cross-



ext ensi on dependi ng on several factors, including the overall size of blade
.42 (gas turbine buckets generally being nmuch |arger than jet engine
bl ades) and the | ocation of blade 42 within an engine.
Larger buckets typically having thicker rins than those of the smaller
bl ades. Bl ade tips 48 frequently beconme worn or damaged in service, as
descri bed herein. Thus, the nmethod of this invention may be used to
repair an extension end 4 generally, or blade tip 48 in the case 5 of
turbi ne bl ade 48, by adding an integral .extension 20, whether in the form
of a solid extension or the extensi'dn of a peri pherally extending rim
only. In a selected article 2, extension end 4 has a
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airfoil produce an undersized extension. Such a configuration may be desirable for
adding materials, such as coating layers to the outer surface of extension 20,
while maintaining a cross-sectional shape that is the same as that of extension
end 4. Furthermore, while it is preferred that mandrel 12 have the same general

15 cross-sectional shape as extension end 4, any compatible cross-section may be
utilized, with the compatibility of the cross-sectional shape ultimately being
determined by whether the cross-sectional shape of énandiel' 12 produces the
desired form for extension 20. As an example, in the context of mandreis for
blade tips 48, the cross-sectional shape may be that of a solid tip 48 (Fig. 4), or

20 that of a rim 68 (Fig. 6). Mandrel 12 also has an outer surface 14 that
communicates with outer surface 8 of extension end 4. This communication may
be such that outer surface 14 and outer surface 8 together form a continuous, or
nearly continuous surface, or there may be a discontinuity between the surfaces,
-as where mandrel 12 has a different cross-sectional shape or size than that of

25 extension end 4, as described above. In the case of a discontinuity between
these elements, outer sutface 14 of mandrel 12 still communicates with outer
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.

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



20 bl adi ng nenbers, outer surface 8 corresponds to airfoil surface 53,
whi ch corresponds to the generally conplex surface of curvature
descri bed by pressure si dewal | -46A and convex suction sidewall 46 B
that connect |eading edge 46C and chordw se spaced trailing edge 46D.
A selected article 2 also has a superall oy conposition and 25
directionally oriented crystal structure 10. As used herein, the term
"superal l oy" is defined as any heat resisting netal alloy that is
adapted for use above 540C, and that may be processed so as to form
a directionally oriented crystal structyge. Thi s i ncludes N -base,
Fe- base or Co-base superalloys, such as are well-known, and
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super al | oys arr@ol@ﬂgm by fqg_;ng@by aqg @@pthod that is compatible with mandrel 12 and
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woul d al so I ncl ude hi gh terrperat‘gre aliko’?/s thaé are not ,gﬁrrgs(iqtly
referred to aseXensiongndod do ensure that mold 18,wil rof dgfagh diom. sfep Pei%al use
for blading nedudiag insepion ®hhiold$6 intambiten matetial 26) ab asscribadl hdieind alsrowal | oy's,

Super al 1 oys. 1 nmefees YRR g oo B o £ 3uMy oy Totmd 5%
intrinsically formiagt r Cesintial heldf t& meay be rfermpadhéoime siudy by dippingaand
oD e G AP SeReP ahd g GOR i 14L MhS  pf g o
contai n al umi n@verithasm.s Cempminmolissfarmesiffia gy glurry exist in a green state, and it is
preferable to include an optional step of sintering 250 such molds prior to casting
500 in order to increase the density and mechanicat strength of the mold.
‘Forming 300 may also comprise thermal spray forming using well-known
15 methods, such as plasma spraying. Molds formed by jhermal spray forming
typically may also be sintered, but typically such materials would have sufficient
mechanical strength for use as a mold. Ceramics that may be ﬁsed to form mold
16 include alumina, mullite, alumina/silica mixtures, calcia and zirconia. The
ceramic material will be selected so as to ensure the compatibility of mold 16 with
20 the superalloy of article 2 and molten material 26, particularly so as to avoid
contamination of molten material 26 or extension 20. Ensuring compatibility will
also seek to ensure sufficient adherence of the ceramic material to the extension
end during casting 500, holding 600 and solidifying 700, in addition ‘to ensuring
sufficient mechanical strength of the mold during each of these steps, and may
25 also involve other compatibility considerations aiso. 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 on the shape of mandrel 16 and how ceramic material is
30 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



alloys that contain an intrinsically formed Nb-Si internedi ate phase. 10
For selected articles that have existing extensions, such as worn,

oxi di zed or damaged turbine blades, article 2 may optionally have a portion
of extension end 4 or blade tip 48 renoved to facilitate the addition
of new materi al according to the nethod of this invention. This is
illustrated in Fig. 1 by the optional step of renpoving 150 a portion
of extension end 4 prior to casting 500 15 froma reservoir 80 of a liquid
nolten material 26 onto extension end 4. For exanple, it may be
desirable to renove heavily oxidi zed potgions of a turbine bl ade tip
to enhance the interaction with the nolten material in the subsequent
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whi ch forns the ne suitable materi a renmbva d may be
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500, hoaweivextensioh end 4poebgadding & membef.or m renovi ng 150 prior to
attaching 200 of mandrel After ceramic mold 16 has been formed, the next step is the step
of removing 180 mandrel 12. Any suitable removal method may be used.
15 Methods may include, for example, melting mandrel 12 and pouring the melt out
of mold 16, dissolution or etching of mandrel.12, pyrolysis of carbonaceous
mandrels and various mechanical removal methods. In the 'case where an
optional step of sintering 250 is employed, removing 180 may be done either
before, during or after sintering 250, depending on the material used for mandrel
20 12. However, for relatively fow melting materials, Applicants believe that it is
preferable to remove mandrel 12 prior to sintering.

In another embodiment of the method of this invention, the steps
of attaching 200, forming 300 and removing 180 may be replaced by a step of
attaching 400 a preformed ceramic mold 16 ' over at least a portion of outer

25 surface 8 of extension end 4, preformed mold 16 ' having a mold cavity 18
which at least partially encloses extensidn bonding surface 6 and is adapted to
define the 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

30 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 *. Mold 16 ' may be formed using well-known
ceramic methods and apparatuses. Preformed mold 16 * may be attached to



- 13- 12 where nechani cal or physical nmethods of renoval are to be
enpl oyed, so as to avoid causing damage to nold 16.

After selecting 100 and any optional renoving 150, the next step S
the step of attaching 200 nmandrel 12 to extension bonding surface 6.
Mandrel 5 12 may conprise any material that is conpatible with extension

bondi ng surface 6. By conpatibility, it is nmeant that mandrel 12 nust
be adapted such t hat attachi ng 200 does not cause interaction with the
superal l oy of article 2, particularly in the region of extension

bondi ng surface 6, that would interferetwth t he other steps of the

met hod, and particularly with the interaction of extension 10 bondi ng

surface 6 as &, fXh6bRShd H%Wger%ﬁ&%ﬁ%ﬁe gf’e‘gﬁs og ra%ééﬁr@“ 08 & hlmeafe er@hat Ry
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20 possible to control the entry of the moiten material into the mold through the

gating means, thus providing a means for controlling the way. in which the moiten

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.

25 Referring again to Figs. 1, 3A and 3B, following the step of

removing 180, and any optional step of sintering 250, the next steps are the

steps of casting 500, holding 600 (see Fig. 3A) and solidifying 700 (see Fig. 3B).

Casting 500 comprises heating extension end 4 of article 2, and casting from

reservoir 80 molten material 26 having an alloy composition that is compatible

30 with the superalioy composition of article 2 so that molten material 26 enters

mold 16 through gating means 22 and contacts extension bonding surface 6.

Casting 500 establishes intimate contact between extension end 4 and molten

material 26, such that various known heat transfer mechanisms occur, and the



-14 - sectional shape may conprise the sanme cross-sectional shape as

. that of the extension end. In the case where article 2 is an airfoil,
t he cross-sectional shape of mandrel 12 nay be an airfoil shape of the
sane size. However, it nmay be desirabl e that mandrel 12 have a
cross-section that is the sane general shape 5 as that of the extension
end 4, but of a larger size, in order to forma |arger ceramc nold
during form ng 300. An oversize mandrel 12 woul d produce an oversi ze

ceramic nold 16, which would in turn result in an oversize extension.
Such an oversize configuration might bel8tilized if it is desirable to
perform mat eri al renoval or surface finishing on extension 20.

Conversely, maggipérhtuicofldticle 2,0addopadmizulably ektensiciendos napialy bagiape wse toxt ensi on
end 4, but undersiz

sp as to roquc n under si.zed_extensi gn. Such
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tely b .
cross- sect i onafe-&hd Bt dF'sHﬁrﬂdrs@;’pi‘gl%abd‘ﬁ'&eégmt g maximumy nolten f or

extensi on 20. Aatenial & a¥iplgenerally badimitedtyxthecdmommn dif ehelt back desired di ade
tips 48, the crgss:secti .S f sol.d tip 48 (Fig. 4),
or 20 t hat ofggﬁsﬁ%rﬁq%g?%n lﬁ%ﬁa%c%(f#gqr& Egéha%stg ea'gétgéjﬁ outer surface 14
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heating, induction heating, electron beam heating, laser heating or other suitable
methods. Such heating for most superalloys will preferably be done in a
15 protective atmosphere such as argon, or in vacuum. The preferred method of
providing molten material 26 of Ni-base alloys is to use a knowt induction heatirig
means 13 for heati'ng, and to perform such heating in an enclosed chamber in
an argon atmosphere, as illustrated in Figs. 3A and 3B. This apparatus has the
advantage of avoiding the reaction of molten material 26 with atmospheric
20 constituents, such as nitrogen and oxygen. The alloy composition of molten
material 26 need only be compatible with the superalloy composition of the
article, such that the remaining steps of the method will p'rovide integral extension
20 on article 2, as described below. Generally, in the context of this invention,
-compatibility means some continuity or similarity of crystal structﬁre, metallurgical
25  structure, or both between the article and the extension solidified ffom the molten
material. 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
otherwisa. Compatibility may also imply some limitation on discontinuities in
30 mechanical and physical properties and metallurgical structure between article 2
and extension 20. Ultimately, compatibility must be measured by performance.
If an extension 20 of one alloy can be repeatably grown on an article 2 ot
another alloy, if the érticle 2 with extension 20 grown thereon is amenable to



as where mandrel 12 has a different cross-sectional

shape or size than that
.of 25 extensi on end 4, as descri bed above.

In the case of a discontinuity

bet ween t hese el enents, outer surface 14 of mandrel 12 still
comuni cates with outer surface 8 of extension end 4, albeit by a
surface feature of different geonetry, such as a shoul der,

necked-down regi on or other surface that interconnects or j oi ns
t hese surfaces. Mandrel 12 also has a length (L), as shown in Figs. 2A-2C
30 For mandrels used to formextensions on airfoils, such as buckets or

bl ades, mandrel |ength typical I'y19Wi Il range from about 0.02-0.25
I nches, which corresponds to the typical range in | engths of

bl ade/ bucket dubpequent manufacturing operations, and if article 2 with extension 20 performs
15 -
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method that is conpatible wth nmandrel ext ensi on end 4. Ceramic

mol d 16 shbul Mep@ & maiagal eF oy that,mepts; @ﬁtp'?)‘iﬁdl'ﬁgoﬂa'aﬁafd for cqmpatibilivon end 4
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and mechani Calgrowtf:l ?sngesweg or where e>|(tgnsmn 20 must also have a dlrectlonally 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 same, or very

15  similar to, that of article 2. For other applications, where it is not necessary that
either the crystal structure and metallurgical structure of the extension match the
article (e.g. cases where an equiaxed crystal structure or otfier non-directionally
oriented crystal structure is sufficient), the latitude wili generally be wider, such

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

20 article 2. Also, in some applications it may be desirable to develop a crystal
structure and/or metallurgical structure that differs substantially from that of the
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

25 higher wear and oxidation resistance in the extension. The composition of the
superalloy of the article may be different from that of the extension grown on the

atticle from the moiten material. However, as reported in the referenced patents,
different alloy compositions should be selected so that the crystal structure of the
extension will grow integrally with and continuously from that of the article, despite

30 their compositional differences. This mode of growth is sometimes termed
epitaxial growth. In the context of the present 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



For ni ng 300 naey al so conprise thermal spray formng using well-known 15
-met hods, such as plasma spraying. Mlds formed by thermal spray form ng
typically nmay al so be sintered, but typically such materials would have

sufficient nmechani cal strength for use as a nold. Ceramics that may
be used to formnold 16 i nclude al um na, rrullite_, aIu_mna/5|I|ca
m xtures, calcia and zirconla. The ceramc material will be sel ected

so as to ensure the conpatibility of nold 16 with 20 the superalloy of
article 2 and nolten material 26, particularly so as to avoid S
contamination of nolten material 26 or .eat-ension 20. Ensuring conpatibility
Wi || al so seek to ensure sufficient adherence of the ceramc material
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opening in the apgunt st wﬁmagpog]@ndg@]g@g;gq 9r extent to which the extenslon is to serve
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end 4, as | 0%, 2A-2C. I n another enbodi ment, gating means 22
may be a descnwn d herel or some combinations of matenals. 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
15  extension 20 having a microstructure that is compatible with that of article 2 and
sufficlent to satisfy the requirements of its intended application. |‘=or applications
where a larger amount of interaction is desirable, such as the gfowth of epitaxial
extensions 20, it is anticipated that a sufficient time for equilibration will, for most
combinations of articles and molten materials, be longer, perhaps as much as 30
20 minutes. For applications where longer times are expected, estimates of the time
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 amount of time for holding
600 will also be affected by the method used for casting 500, and the time
25  utilized during this step.
it 'may be desirable to utilize means to enhance and control the
interaction of the article and the moiten material during casting 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 means such as
30 stirring or other agitation within the molten material, or agitation of the article,
such as by ultrasonic agitation.
Solidifying 700 is the step during which extension 20 is formed or
grown on extension end 4, solidifying the molten material 26 beginning at the



restricted port, that serves to control or direct the flow of nolten
material 26 into nold cavity 18, simlar to gating neans used in the
various casting arts. Gating 5 means 22 may be formed during form ng 300,
such as by adapting mandrel 12 prior to formng so as to provide such
a neans during formng. For exanple, the mandrel could incorporate a
feature that would formgating neans 22 during formng 300, or a
menber could be added to the nmandrel to provide gating means 22 during
formng. Gating neans 22 may also be forned by 10 incorporating a
material renoval step as part of form+R)-300, so as to open a

passageway into the mandrel after applying the ceramc naterial to mandrel
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mold 16 ' are Q"&e@rﬂt "%{F'I@Fet%“ﬁfﬁéraﬁ\étatk%g% the,$hapg o g@@%ﬁ’%ﬂ‘?n‘”@??h and

30  descrisbedohstrifkdye ¢Hatts Hnd pulling dwayl flom MRy maldscavipethapsigy bécardiity sane
ceramc " will also conprise at |east one

gating nmeans sgﬁg‘%at‘%ﬁ%ﬁ?%‘ﬁ?°f1g’]evﬁx%%s'ﬁﬁl d cavity 18 '. Mld 16 ' may be
formed using well-known it is prefeced 3t thenstdpsdef mﬂngippa,r holding B00Paref or ned

mold 16 * my OfqRidP s He dBne using the same apparatus. These steps may be done
using any of a number of well-known melting, holding and solidifying means. A

20 suitable casting, holding and solidifying means will typically comprise a means
' (not shown) for holding or gripping article 2 a means for delivering moilten metal
26 from reservoir 80 to mold 16 and extension end 4; a drive means (not shown)

for moving article 2 into and withdrawing it from a heating means to maintain
molten material 26, that is connected to the holding means; and a means for

25 controlling (not shown) the motion of the drive means during these steps. Article
2 may be held using any suitable means for gripping the article, such as known
gripping fixtures or clamping mechanisms. Preferably, casting 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

30 those used to perform the Czochralski or Bridgman solidification processes. It is
also desirable that the apparatus used to contain the molten material above and

in contact with article 2 be isolated to the extent possible from uncontrolied
mechanical vibration. it may also be desirable that the means for controlling also



- 17 - extension end 4 using any suitable neans for attaching; such
. as an interference fit; any nunber of nechanical attachnent devices;

t he use of ceram c binders, slurries, cenments and simlar materials;
or any conbi nation thereaf, depending on the properties of the ceramc
and the netallic article. Such neans for attaching 5 are well known.
The nethod of this invention includes features not found in rel at ed
art methods of form ng superall oy extensions, such as those described in
U S. Patents 5,291,937 and 5, 304. 039, that yielded unanticipated benefits
over the prior nethod. For exanpl e;2dhe nethod of form ng the nold
does not require 10 the separate manufacture of nolds and dies for each
di fferent sizebeadaméniecadiist the motidneof dies driveceant dasédon ofibucaldutited oet hod
offers flexibility. t I C g ' | 't he
desired ext ens"SA®Y'EY f%ﬁgljs \ét%q?&%%tﬁ Vc?"able'mg‘?ésp‘ ?%éﬁéq‘érxb%rgﬁ% gﬁd% t, and
t hus the extenwitbin, ﬂteoatmlel. fe@perdture of h@eempl@mmt\eri@dmtﬁmpgrature atslllrld ace by

adj usting the %hé@ménshaeﬁaa %ea&% JFBdWér%ctoéndrﬂé%ﬂst off &sﬁ%sbéd arRed 15

relative to_the extension bonding surface. Further, It Is possible to form
the mold 5  selisingisg 790 frays avaid Saysmant; of ariRle 2 and mgltens materjal 26, For

passageways, ”iﬁliposes of tRIGNMbYAbE AhRicleh2 cut@hmbm eneiteras 2] mw be kdie
interior of a h ow art

| ade, ds the
nocessi 1y of t HRIEAYoRnd 30 moREr dp e hestne dpoa bl kS InSSSEL AN | e
formati on of t sebsequentlyidenreagaidhpplicants believaithahiy) ist enerally peatdrredrto cottrols 20

possible to co 0 en material into the nold through
he ﬁEwért}gthglnﬁwEP( to éonirglepo%l:ﬁ

t he gating ‘means for controlling the way in
whi ch the Bl ten rraNéi“P%ﬂat'P% of merQidh%E@Pstb@? tenuitscol ither Bragiivetd pBE ng
surface, and hepgRdinkddt of the métmoeéfaﬁ.sl.mnmn i5 RRoPbr ﬁﬁ‘foﬁB&&Bth 8nfhet he
ext ensi on bondi ng surface, a rostructure

25
Ref erring agai niYR&stawgdn FPS ﬁﬂ"%ﬁda%@‘te'ﬁﬂ"l% %@W@%teé‘f?nﬂ? f'°m ‘broken
renovi ng 180, anme mmaptiesigmltessmem@rfacalzstmﬂfmgrug?rfa@blaubexpmxﬁorﬁmM are
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15  back which occurs during these steps. As seen in the fragmentary, diagrammatic
view of Fig. 5, using blade tip 48 as a growth seed results in solid extension 56
having a compatible microstructure, which in this ekample includes multiple
elongated grains that are a continuation of, and integral with, those of the parent
blade tip 48.

20 ~ 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 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

25 result of such interference, peripheral rim 58 of blade tip 48 can be abraded or
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

30 (or extension 20 when considering the more general description of the method) in
this instance may be an extension only of that portion of blade tip 48 comprising
peripheral rim 58, rather than solid extension §6. In order to form the extension
only on rim 58, contact of molten material with end wall 62 should be avoided.



Casting 500 conprises heating extension end 4 of article 2, and casting
from reservoir 80 nolten material 26 having an all oy conposition
that is conpatible 30 wth the superalloy conmposition of article 2 so
that nolten material 26 enters nmold 16 through gating neans 22 and
contacts extension bonding surface 6. Casting 500 establishes

I ntimate contact between extension end 4 and nolten materi al 26,
such that various known heat transfer nechanisns occur, and the

- 18 - tenperature of article 2, and particularly extension end 4,
rapidly begins to rise to appr oact®3-he tenperature of nolten materi al
26. Casting 500 is acconplished by maintaining article 2 at extension

end 4 solid below the ”Wh&ﬁ*fﬁrd”@é %rﬁa’t‘xlowzﬁs damage &¥dnids 310dE ¢ e&ﬂwdureéh of
nmol ten material 26 th

ry depen 0 fact of
el udi ng: t HeteraRn & o hewlf (1P Tocleral s Pl B driied ane Gyeroly
corr]Posi tion, controlidchin éreeper aoid eamégmfd emWamsler partic\4riyaih @&nd hveali 62d d)
configuration 0 : . en
wherein the- e {eBRsr¥lsk 48 sfannels 74(6F tihes o BhnlRic R ShEERGT 0
limted bys t heoliemointarionf asrdescribed hetkdrsi [Qne embodimentesd: @ﬁsmelhodmd tue takl ng
I nto account nh@%&lﬂrlﬁveﬁﬁ&hpﬁ&d“‘Q?r%rm?ﬁgeﬁlloldl{b 50 as to cover and protedVRubie N

mat eri al 26 ave an al ycorrp05| lon that Is conpatible with the
superal | oy coffg8¥es PBANHN fdd%ar %% e. Mol ten material 26 may be

provi ded using any of a Thdpessen@liorkomgs. Bef0) atich @ueﬁbvasdua@smﬁﬁm

heating, i nduct I on, heat i el ectron am heatl tin ot her
suitabl e F‘&S’Hs g%%ﬁ FRALENGRy %B}e REgstic sﬂggiea §V§ \%ﬁ% g% %rably be
done in al@b5 mvpnttunemmmraMgaﬂmapﬁieoieblsde:m havieyg gdm;lominterimr,vacshmmn ithe

preferred net

to use a known ndu q[r examﬁlgrgx\éhqr\t&%r@% tb@'%e%ﬁtﬂe' &ltal%]ﬁn{ﬂ ne'}uas&%ﬁg gl loys is

in a fluid cooled turbine %lade 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 molten material 26 (cast
15 from reservoir 80) from 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, sufficient for the
remainirig portion of rim 58 to act as a growth seed for the solidification of molten
material 26. Then blade 42 {s moved down, out of the hot zone of thé heating
means, as shown by arrow 54 in Fig. 10, while in contact with molten material 26
20  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 deécribed herein and illustrated in Figs. 6-10, they may be
25 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. 1t is contemplated by the method of
this invention that if a molten material has a melting point lower than that of the
article end acting as a growth seed, interaction between the molten material and
30 growth seed need not include complete melting of the growth seed article end.
All that is necessary is that a condition exist at the interface to allow crystal
structure growth across the interface and into the molten material.



means 13 for heating, and to perform such heating in an encl osed chanber in
-an argon atnmosphere, as illustrated in Figs. 3A and 3B. This apparatus has
t he advant age of avoiding the reaction of nolten material 26 with
atmospheric 20  constituents, such as nitrogen and oxygen. The alloy
conposition of nolten material 26 need only be conpatible with the
superal | oy conposition of the article, such that the renai ning steps
of the method will provide integral extension 20 on article 2, as
descri bed bel ow. Cenerally, in the context of this invention

conpatibility neans sone continuity or -#milarity of crystal structure,
metal | urgi cal 25 structure, or both between the article and the extension

solidified f rom t he nol t Referring agalnntBtFQgsl 3| 3A GaaTEs, ithy btbﬁé’oﬁéa%ﬁng 5@6 i es that
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repeatably grown on an art anot e article 2
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alloy that neets t recedi ng"s
of molten matenals, such as superalloys, the thermal gradlent of the interface

where the solidification is taking place effects the microstructure of the resultant
article. For superalloys, relatively shallow thermal gradients, on the order of 10
15 C°/cm, tend to produce less directional orientation and more equiaxed grain
structures, due to perturbations resulting in non-unidirectional heat flow. Steeper
thermal gradients from, for example, 25-150 C°/cm, tend to |:;roduce conditions at
the interface which promote the dendritic solidification of molten material 26 at
interface 28. The temperature gradient within article 2, and particularly at the
20 extension end and in the vicinity of interface 28, also affects the nature of the
dendritic growth, including the spacing of the primary ahd secondary dendrites.
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
25 extension. The method of this invention may also 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 article, or simultaneousiy
30 heating the extension end of the article with an external means for heating while
also cooling 1000 the article with an external means for cooling at a location
other than the extension end. These optional steps may be used With any or all
of the steps of casting 500, holding 600, and solidifying 700 described herein.



present inits liquid form Since both the crystal structure and

nmet al | ur gi cal structure of extension 20 may be different fromthat of
article 2, a wide latitude of conpatible nolten materials are possible
for a given article 2, depending on the degree of conpatibility

required between the article and the extension. For sone 10 applications,
where it is desirable that the crystal structure and netal |l urgical
structure of extension 20 closely nmatch article 2 (e.g., cases where

epi t axi al growth is desired or where extension 20 nust al so have a
directionally oriented crystal st#ucture), the latitude wll
generally be narrower, such that it may be npst desirable that the

al | oyhcorm?si Eittemlaofnzeané mnhmr:xhgratralwmkmnt tsecr\s;m agEthe QUseVElr ¥ skEaratdSi m | ar
to, that of article For r Licati . ssary
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sufhmeg&J W der, suc t he
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article 2. Al ggicld B, WowBvérPRl bmﬂtmaﬁs.usot bMtaEﬁede&ltﬁélttlx&dsibndéi(@h@p a

crystal structure. and/ rgic strycture that  di
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properties toaridid cre ukef df ahesetstepaquay berasddsto control the femipeeatarayradieritt nay be

desirable to Qfﬁ&h?h% érgﬁjdjtuﬁﬁn ga'f étanced creep and fatigue

resistance In e ar e as conpare 0 the extensi on, and to have 25
hi gher wed® and oxi dat i dh mawsbtstdeawleb ot Wememr@wnsmearddnp%anm on of

t he Su%ﬁwﬁtnhﬁdfnso& ﬁagest@dst 6fCt|hﬁs ﬁ@%o@etodﬂeBéﬁrtﬁ@tstépéoéﬂ dd3fig 8bo,! he

extensi on grown 0O cle fromt nmol ten material ., However, as

reported in t H'@'q"wf @%r?é‘écﬁ%ﬁ'f\’éﬂ& §°° article 2, ‘W'T th@rme mlteR, mataHsh er @i ons
shoul d be sel Qﬁﬂéi&utsaloyth%tndobiﬂomMsacnimoattbumbu'éﬁetmtmtdlahe optional &pnsi on

despi fe 30 T ¥ wElaaL FRIRERRIPY Pein sk ccBOlia'® ernrelitn Gtbufisr
somet i mes 15er nateps. epi taxial growth. In the cont ext of the present
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20. Also, it itbosecekilgdiin the arheltsolidiicagioryfromia meltengnaterial.dhatithe: surfaces plr gi cal
an extension formed using this method will generally be in an unfinished form,
and will, therefore, frequently require the use of additional material removal,
20 surface finishing 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 finished extension.
Example 1
An existing blading member in the form of a turbine blade made
25 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
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 according to the method of this
invention. In this evaluation, it was desired to add an extension to the airfolil
section of a turbine blade to simulate the repair of a tip as shown in Figs. 3-10,
30 and described herein. The microstructure of this cast blade comprised a plurality
of directionally solidified grains, similar in orientation to those illustrated in Fig. 4.
The material used as the molten material had nominally the same alloy chemistry
as that of the blade. A charge of this Ni-base superalloy was placed in a water-



20 - structure of an article, or both, may vary from base end 32 to
ext ensi on end 4, and that references herein to the conpatibility
between the article and the extension refer principally to
conpatibility of extension 20 with extension end 4 of article 2. 5
The step of holding 600 nolten the added material against the solid
extension end for a tinme sufficient to allow a portion of extension end to
be heated by and interact with nolten naterial as a mcrostructure
grow h seed is an i nportant, and highly variable step in the method of
the invention, because the anount @ -i nteraction and the degree or
extent to which the extension is to serve 10 as a growh seed may vary
consi der abl y idboRaCedppancriciiet that Was l0dEted Afithina® chamber tRexSwdlsi dvagtedasei n.  For
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been solidified. This allowed an extension to solidify having the same

polycrystalline directionally solidified crystal structure as the blade. The extension
was continuous and integral with the extension end of the article.

20 The article generated from the practice of this invention included
a 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 walis of the airfoil
section had a thickness of approximately 6 mm, which closely approximates the

25 peripheral rim in a typical turbine blade having an end wall as described herein.
Therefore, this example closely approximates the microstructure and geometry of
typical turbine blade tips, and serves to demonstrate the method of this invention
for the growth or tepair'éf such tips. The article used had a first crystal structure
in the airfoil section comprising a plurality of directionally oriented elongated

30 grains, and a first metallurgical structure based on the alloy composition of the
article. Integral and continuous with the airfoil section was an extension having a
second crystal structure as a continuation of and compatible with the first crystal
structure of the airfoil section, and also having a second metallurgical structure



30 stirring or other agitation within the nolten material, or
of the article, such as by ultrasonic agitation.
Solidifying 700 is the step during which extension 20 is forned or

grown on extension end 4, solidifying the nolten material 26 begi nning at
t he -21 -

extension end 4. Referring to Figs. 3A and 3B, solidifying 700 conpri ses
reduci ng the tenperature of the extension end 4 and nolten naterial 26 at a
rate which causes nolten material 26 to_solidify on the growh seed at

I nterface 28 between them as int eg?gr extensi on 20 havi ng

m crostructure 29 that is 5 conpatible with directionally oriented
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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
15 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
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
20 invention further allows the secondary grain (dendrite) orientation to be grown,
unlike the prior art interface 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
25 secondary direction. The advantage over most related repair methods which
have equiax_ed grains at the interface and in the repaired area is significant in

agitation

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
30 body and extension, it is anticipated that there will generally be a gradation in
metallurgical structure in the interface region as a resuit of rapid mixing of atomic
species in the liquid adjacent to the solidified structure. Even though most
related art methods are practiced with great care, there is a high likelihood of



usi ng any of a nunber of well-known nelting, holding and solidifying neans.
A 20 sui tabl e casting, holding and solidifying nmeans will typically
conpri se a nmeans (not shown) for holding or gripping article 2 a
means for delivering nolten netal 26 fromreservoir 80 to nold 16
and extension end 4; a drive neans (not shown) for moving article 2
into and withdrawing it froma heating neans to nmaintain nol t en
material 26, that is connected to the hol ding neans; and a neans for 25
controlling (not shown) the notion of thggdrive neans during these steps.

Article 2 may be held using any suitable nmeans for gripping the
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means, simlar @ﬁs h 1 b 30
those used to Ft)lie?%ﬁg?%ﬁ'?hgﬂ ocdﬁ r'ﬁ;j,é"% §g§rghg];keﬂ'fo\5§ttﬁét OBH%‘ ind%gn% fiier 87

[ skl Bri dgnman sol | I catl on processes.
It is &ither ER!!;M“aB?“_é’"IehH%PHeHé“ éb?)éﬂ*&'ﬁ?s- thesspyt we%_!@mnaithe iRt ol t en
mat eri al abgve suafionally, the reldled AR tpRadtickd 1d? rapdifit] Such &¢ atteRl aduafy bAdt he
extent possible_ fromunc

be desirable t H’éﬁad‘(ﬂﬁa%'gﬂi rc\%lﬁ‘lf ?'geom%%wg%g@%h%ﬂén Viebsi Hows Tito them &Y 8! SO

-22 - be andaelidifies. OAddijonal matkning bperationk thére addr reqdiratetansopenstad on
ot her cal cul at ed of o neasured factors, either fixed or variable, such
as the terrperatq.?ls% %W&&?'ent within the article, tenperature of the

nol ten material, tenper atThepteceding: example giemopsteaterh that sontealled igewthrafer f ace
or other fagf Oré?enmﬁs.S{.ﬁm b O WOl BEPoiftdd M airtl! disdd ¥b Pebald WithBY
avoid nmovenent of article 2 and nolten material 26. For Rur %os_es of
this method, ar¥miarecrossaiaqtionns de paertraidgil san baaseemplishe Although this
stationary and éampRoielidéd ohli ©nb &xtensign, e shsuldvBe lufldistobd el aRe PreaBt

invention can be expanded to include the concurrent growth of multiple

extensions, such as a multiple turbine blade tips. The present invention may also

15 be used for repair of other directionally oriented articles having passageways

such as airfoil vanes. '

As also noted in the referenced paténts. alihough 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

20 variation in metallurgical structure, notably alloy composition, between the
extension and existing article is permissible, and may even be preferable in some
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

25 related methods for providing extensions for articles, such as airfoils, in several
respects. Welded extensions must have compositions, melting characteristics,
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,

30 welded extensions typically have an equiaxed microstructure due to the nature of
the welding processes used to form them, and thus do not form the directionally
oriented microstructures that are possible with the method of this invention.
Diffusion bonded or other bonded extensions are known to have interfaces that



subsequent |y decreased Applicants believe that it is generally preferred to
. control t he power rather than to control position. 10

An illustration of one of the possible results of the practice of one
enbodi nent of the nethod of this invention is shown on airfoil section 46
of the type shown in Figs. 4 and 5, as extension 56. Extension 56

ext ends from broken line 52 which designates the interface 28 within
original blade tip 48 from which extension 56 conprising new bl ade
tip 48 was grown, accounting for the nelj 15 back which occurs during
these steps. As seen in the fragnentary, di agrammtic view of Fig. 5,
using blade tip 48 as a growmh seed results in solid extension 56

havi ng a conpdteauently poptamsdeterts. rueh agtyeidh and/or iaws argle giaine beyndriee AUl ti pl e

el ongat ed graidageripdathedit ThOMd eAbéOBet@ben MaCextdhsRAAN aMiddImay lbgse of
t he parent er formof the tip

bl ade éé§48. 20 . L Anot h f (
portion of a (UReke(Mmanneesiable far spiain sppliggtions. Rejpted; methods gy, qasting; he
f Iragmant ary vi-eleaénei‘onﬁt@i alfia alsel réfélenmh dreinaltilize ditferzht forging Mmethods thit?ken .
al ong section |line f--7 of Fi Rl S pe | D:l.S SO i I referre
to as 50a r'eg‘éf[?eg‘faeurset(ff ﬁdgﬂg'éa?éjﬁggesuﬁ%rascggr'?'gicnd'%spé’?eagﬁ%ﬁ%s@%n I'tions it
can interfere mears for pressupizing die maltembatiy fromi whichtiepare foomedh fhatzaed nat zer o
cl earance condjt. ; j yIgle i al rim
S5 of bl ade 1) SoUGHY 16k uizi, tng FiEthda 6f vk TreceRt SRR Tn R REL R,
rub condi ti on, exensioss havipg thej ¢astsable, micrestiuglyfal dpatures describegl grein mayrberd of
Op?LaBi OP, Canfo&ﬁé@d»?th_@uﬂdthﬁgjb‘er ofostich iidhiﬂdﬂﬁl dm{? tifretly Padasing cogt of Thg
met hod o e present jnventjon can 0 pe used to repaiy such dammge by
br v di ng L FBG: Bih SHEPREO T SvOHBE IBY pBterinldoL coianaien Ru SOk ensl on
56 30 (or e#dévices, ds a2 Bignifieantcamt udexpentpdt idvantage genahede dalstedigti on of

the nmethod) in 41 | anee may be an extension only of that
portion of bla eeﬂlofif)ohgg(t:@%ﬁaél ng peripheral rim 58, rather than

solid extension 56. In pﬁ@éﬁ?@@immﬂmwﬁée@iﬂ‘émbm disclosed_f@rﬁhy PYrposeé m 58,
contact of ol behusRiieh lofthebrbtent elfn. ahd ar At iftehGed® Ve &fhaustive of

15 the potential variations thereof. Variations and modifications of the disclosed
embodiments will be readily apparent those skilled in the art. All such variations
and modifications are intended to be encompassed'by the claims set forth
hereinafter.



-23 - When rim 58 is narrow, or danmage extends close

to end wall 62, interaction of rimb58, wth nolten material 26 should
be limted and carefully controlled in order to avoid danmage to end
wal | 62, parti-cul arly if end wall 62 contains features such as

channel s 74 ommuni cate with a partially- 5 hol | ow

I nterior, mg Eﬂﬂ ﬂF 'IH One enbodi nent of the nmethod of the

pr esent |nv visdes for form ng m)l d 16 so as to cover and protect
such features, as shown in Figs. 7zl The
presentation of Figs. 8-10, which are s:?mwn di agrammatical ly in
section, shows a sequence of the cE)_ractice of the nethod of the present 10
i nvention illustrating Hhat | A5t bl ade 42 having a hollow interior, as
shown in Fig. 7. Eor exiampthed fo? pedvidingt 8 integrat astedsforSe AL aticiee or

| abyri nt hi ne Eassagweth A f: in a fluid cool ed turbine blade or vane 42.
For conveni en B ePRE" reference nunerals are the sane as have
been used previ ously hemselectingFirgartie comprisinghamextensiorb8nd havimga @adsswi t h and

partial |y el LedoRa oty dPbHEROFGHEG!sufbee 43P dn bier WAL AR} T 50

fromthe origina ovvn as I ne
back has cdnt mmetpssﬁc@mgl ﬁh%ﬂ?. rthen ex¢ensignnend alsackhavinhe E\EYOS;%MWTM ent for

the re n%b.ﬂ?mgfé) Elperdiop Eorw;dsnﬁﬁ ah@ a&%cﬁaﬁa@ difeRiel Qg&ﬁﬁ&ﬁcﬁﬁe .t he
solidification o bl ade I's noved down,

out of the hot zone of t‘ﬂ\?cﬂﬁﬁt? Hﬁa“d’éj} to ?P@aﬁétenﬂgnmgb§“%o@%4 in
Fig. 10, whil gndndrelidvingt avérbds-santioed shape rthatl is2€onshtibleuwith [thedrégssi on 56,

Grown_on i m S8RyREBIARRY e EREASE s Ao 88 fud' LUses Mol Srrrbumentiey
solidifi cdﬂl orwithtthe nuter suttage 2Btheextedsion endied above. |f bl ade extension 56
Is solid in Sone gGakihg a%@%ﬂbh'&@?{he Qﬂle?g urfdcB of 'Hﬁ%r&l%nal | ow

conmuni cation with the I nterior escri be erern and

il lustrated | ritieast a mutiqn ofitheouies surrce gfghe exlgpsien) eadithe makbhipvirgahods.

For exanpl e, sm& cﬂﬂiy%th@ﬁ’héi@ that fié’fﬂéhnbd by the mandiléu dnh'd%lné@l' th@ shabRedf,
el ectrochem cal w del y

el ectro-di sc
Gsed | the arin giteqal @detslne, 150 o) Fayias & rlpert,PiS cRBY TREHod of
t hi s | nveriSi. oncotvinaunicatesawitiothé envidvedvity;i al has a nel ting point | ower than

t hat of the artic ' S a growh seed, interaction between
the nolten material and legaﬁi?\g tﬁé(:)mafqlgrseged need not include conplete nelting

of the growth seed arti ctastingca moiten materjgl |havingtan siloyeeerapasitipnithat isat a
condi tion exi Séorﬁéatiﬁﬁewhmifﬁer §@gfe?al|59 c%}n'pgé’i{u&f Mﬁ{h%' article into th& [l tclilifyy 9r oWt h

across the interface and into ten materi a
through the gating means, the article and mold havmg been oriented prior to said

20 casting so that the cast molten material is in contact with the extension bonding
surface;
heating the cast molten material with an external means for
heating while holdiri'g the extension end in contact with the molten material for a
time sufficient to allow a portion of the extension bonding surface to be heated
25 by and interact with the molten material as a microstructure growth seed; and
cooling the extension end under controlled thermal conditions so
as to cause the molten material to solidify on the growth seed, at an interface
between them that moves from the extension bonding surface into the moiten
material, as an integral extension that generally conforms to the shape of the
30 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



-24 - Referring again to Figs. 1, 3A and 3B, the steps
-of casting 500, hol di ng 600, and solidifying 700 extension end 4 from
nolten material 26 establishes a tenperature gradient within article 2
that may be viewed as a gradi ent between interface 28 and base end 32,
wherein the t given location within article 2 decreases
fromint erfaJmmm'msumumF%. The tenperature gradient within a
given article 2 Wl b® afunction of the tenperature of nolten
material 26; the thermal conductivity of article 2; the configuration,
including internal passages within articl®d-2; the rate of w thdrawal of
article 2 and ot her factors, including the configuration of the
appar at us used o RRr {fy Héérbas%smmm iR meieaﬁdatfb»ecueﬁ &% G Sashfy &F&ﬁé&
sources of heating or cooling that may be applied to artic during
t hese steps. AdromsthgditergGfown in the art of solidification of nolten
materials, such as superal l,0ysTnd hSetihdie oMBlairf 1adkigdibin Ohe td¥poR bR fsa&®

where the solidification is taking place effects the mcrostructure of the
resul t ant aigilt j cl e. For superalloys, relatively shallow thermal

gradi ents,5on the order of 310 The méiﬁ@r bi blem 21 eundrdi thr aidkolt @s laciading
directi onal ori entgt i on _an

t , . d
perturbations rB8UPY (’r?a‘p"ﬁ'"?u(g(f?gﬁ'ﬁ‘f'gﬁl‘l é'gt?oné'l 4 E%g? ving 8 3 ag@qéﬁé%f orbs |
t hermal gr adi endestién ooymdlde the dorgitadin@5axis R (O dondiing rpurfaendnd @ tip adiode

conditions al sudace'dNd dhiftsif &cfot WHiER éo%qn@}r@ttahe tRefHElahd Gl fefscat | on

of nolten materl erature gradien
within article correspendsatot the dxdgnsipnaend, jie $ip bonding eﬁﬁ'ﬁ?‘%c%ffﬁfpamf Inthehe
vicinity ofgint gitbiich BShdird) s‘iﬂaé’é ftﬁ’é?fu& alrfor sﬁkﬁc@rdérreépohb@to the outed @0A&dd | C

growth, i nc? udi ng, t he spacin t r secondary dendrites.
2ot r ol of the BRI aRAl Shagit oatbecibh eTesPPRBao 36 POSHR Tl PhrRe,
i mportant when 4. The method of claim 1, wherein the molten material and

the article are all Ni-base, Fe-base, Co-base, Ti-base, or Nb-base superalloys.
5. The method of claim 1, wherein the mandrel comprises a
15 material selected from the group consisting of pure metals, metal alloys,
polymers, waxes and salts.

6. The method of clalm 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 casting, hea_ting or cooling in order to control the temperature

20 gradient at the interface and within the article. _
7. 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
casting, heating or cooling in order to control the temperature gradient at the
interface and within the article.

25 ' 8. The method of ¢laim 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 casting,
heating or cooling, wherein both steps are performed in order to control the

30 temperature gradient at the interface and within the article.



it is desirable to produce particular directional norphol ogi es and

orientations, either polycrystalline directional solidification or
single crystal growh, within the 25 extension. The nmethod of this
invention may al so include the use of optional™ - steps to alter the
tenperature gradient within artigl . may i ncl ude:

heating 800 the extension end of ﬂﬂﬂﬂiﬁ@ l an external (other than
by conduction from nolten s for heating, renoving
heat 900 from the article using an external neans for cooling the
article, or sinultaneously 30 heating the extension end of the article
with an external neans for heating while al so cooling 1000 the
article with an external neans for cooling at a | ocation ot her than

the extension end. These optional steps34my be used with any or al
of the steps of casting 500, holding 600, and solidifying 700 descri bed

her ei n. 9. The method of claim 1, wherein the integral exterlsicAchas

Ext ernal neans f nown, such as the use of a separate
i nduction coil pggelcpm@ﬁlé899n§£°§1@'°f°5er§5te the extension end of the article.

Ext er nal cool i ng neanslaar Ehamethodef tlaim oouwtiersit e direttiodhlly oriented
solidification,mi t Clh 8swavaf el cool ed
chills, netal Jﬂ?ﬁﬁhuﬁg?ggtgf NQLﬁ%gﬁglgg E§m§llﬁ1 m?ma raron &l d
conmonl y beSat tHe Hé%PﬂPBa"Mé%'emeﬁ mqest@mer ofrise 9¥t9ms|<se@td FrhSdrticé.

article 2, however, a chill may also be attached to the extension end in
circunstances where a heating neans is not being utilized on this portion
of the article. The use of these steps may be used to control the

t enper ature gradi ent at both the interface and within the article. 10
It may be desirable for sone configurations of article 2 and

conbi nations of the steps of this nmethod, to repeat the steps of casting
500,



hol di ng 600, and solidifying 700 article 2, with the sane nolten materi al
~or a different alloy conposition, in addition to the repetition of

t he optional steps noted of material renoval and/or heating or
cooling in conjunction with these 15 st eps.
Referring again to Figs. 3A and 3B, it will also b recognized by
those skilled in the art of solidification froma nolten material; that the

surfaces of an extension forned usi gg this method will generally be
in an unfinished form and will, tRerefore, frequently require the
use of additional material renoval, 20 surface finishing steps, such as
grindi ng, machining, polishing or ot her materi al renoval and/ or
surface finishing steps, or méwm% 4 £ coating, in

order to produce a finished ; g1

An exi sting bl adi ng nmenberEXTENSHIN BYr CASNING ' AN made 25 from

an alloy conposition of N|-13 7 AI 7. 9 ﬁm_bz 3 Co 2 1 Ta-0.1 B-0.9 Mv-1.6
WO0.9 Re-0.6 C-0.5 Hf excepting inpuritres, in atom percent, was used as an
article for the purpose of form ng an extension according to the nethod of
this invention. In this evaluation, it was desired to add an
extension to the airfoil s@bstraghpfdne Risclosute ne plade to sinulate the

repair of a tip as shown Anmkth@a. tor- ﬂd?mmgS(ihteg@ndaMﬁwdsbeH ther ehﬂl offhe
m crostruct casiegb ade co

i rect onal By sBerttReTBlea) nFerURgAREeS, 5108 A8 Al blagho mermiesm & oter

illustrated in dangponénts used in g'ﬂseturhlthealor athen sadbires endivesiv |Aneextersdi@r isal had
'[]&msn%: [%aggesﬁfggﬁerﬁi la%é{ Smgﬁn[aﬁ{c{edby castln%?gméﬂiﬁk rﬂgteﬁii?ntg ac%?ami@‘n*fb‘@r ge of
-26 - that is attached on an end of the article, followed by cooling of the end under
controlled conditions sufficient to cause an integral extension to solidify on the
10  article. A ceramic mold is utilized over the end of the article, 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 mandrel. Extensions formed by the method of th.: invention have
a microstructure that is continuous and compatible with that-of the article. Such
15 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 controlled by auxiliary

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

FIGURE- 10



cool ed, copper crucible that was | ocated within a chanber that was adapted

‘to be filled with argon gas. The chanber was filled with argon, and
the all oy was nmelted in the crucible. The superall oy charge was nelted
in the crucible by use of an induction heating neans, and heated to a

tenperature of 1400[err] C. The 5 article was positioned within a hol ding
means conprising a bolt to which the 4/g article was welded that was in
turn attached to a drive means conprising a threaded drive rod with a
digital encoder, for casting, holding, and solidifying the . article.
The drive neans was interconnected to a neans for controlling the

notion of the drive nmeans, conprising a conputer-based controller, that was
10 adapted to control the depth of insertion of the article into the

ext ensi on end of t hg—moftenTetertat} the hold time, and the rate of
wi thdrawal . During this pgriod, | .the blade interacted with the nelt by
mel ting back the inserted pcﬁQlﬁétiﬂgAmde Furthernore, the blade then acted
as an oriented growth seed for solidifil@8t§on of the extension from
the superalloy nelt. The Orage wasytiemr—wt hdr awn ;b}T T5 T hroving i T out of
the nelt, at a rate of approximtely_ 10 nmmn. V!ltFletnavaM&tedal From!
directional solidification was confkinued until an ext e&)agﬁgoﬁfg,ﬂpouﬂ 6

nm mn. had been solpdrfrgg T owed ant extension to slﬂ?_Hify
havi ng the sane pol ycr yst AfR¢MBYdi r e¢t i onal |y s0I TdT T 8d cTystal
structure as the bl a@ieg.The ext gral was—jcont i nuous and i nt egral

with the extension end of |[the aragde! Zzm The article
generated fromthe ppacti C'é"'oT—r'rTl‘r'i'rrverrr'i‘Jon i ncl uded a base and a
partially hollow airfoil section having an outer| cross-section. It did

not contain a blade {ip of a type described herejn, only because it did not

have an end walll . However, the configuratipn was such that the walls
of the airfoil sectd had a t hi ckngss—ef—bapprexnately 6 nm which
cl osel y appr oyi mioemindghe 25 peripheral i th@oi dal turbine bl ade
havi ng an end jwalGemmidescr| bed herein. Preffagnedorle, this exanple

cl osely approxi mat geid h ifrostructure a typi cal
turbi ne bl ade ftips, an ryes to denonst d of this invention
for the growth or repair of such tips. The ar had a first crystal
structure in tthe airfoil section conprisipg a.plurality of
directionally orientgd el ongated 30 grains, apd a first netallurgical
structure based on the alloy conposition of the article. Integral

and continuous with tlhe ai r-#eil'—-s-est-i-@n_maﬁ an extension having a

second crystal structiure 5 aﬁﬁ@rﬁn?;%bl‘do” of and conpatible with the first

crystal structjure ol the airforl zggdf—l on, land al s L Ng second
netal lurgical structyre '—————a—- ==l I ) f

I

Casting Molten |
Mandrel into Mold |- _ _! L T T
Cavity 500 | Heating Extension |
Pl End gop |
I ————————— o
Holding the | ;‘ ————————— }

Molten Material Against | . .

Solid Extension End [*T11 : Cooling Article ll
600 | |} o220,
I r— == ———q
Solidifying Added | 1 Heating Extension |
Material L - End and Cooling I
Beginning at | Article 1000 |
ExtensionEnd 700 | =~ T T TTTT~ ?




-27 - that was al so conti nuous and conpati ble wth, but sonewhat

di stingui shabl e from the first nmetallurgical 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. Wiile this exanple did not include the use of a ceramc 5 nmol d, the
solidification process described in thegyganple is illustrative of the
solidification processes which occur when a ceramic nold is used. The
ceramc nol d defi t he shape of the solidified extension.

The interface portion betwden the airfoil section and the extension is
different fromthose repoiiegfe YECUI-Y. - ne , such as the 10

di ffusion bonding to \3(\\\\:\\‘\\\:&\“‘\‘%\. 2N3t edl, di stinct
member s. It waktsi nf%\;\\\\t%\\\\\\\\v Iﬁace descri bed

in the related art tt\\ VDN AR e conti nuous

casting of blade tips. HRYpEAZP AR AR RIS r.-\\ for applying a
fluid gressure to tﬁ aaﬁ’?ﬁ%%%%% _of4thispp e

Ao e
/,éiégf/i//,l%t/.

i nvention. The princi® vention 15 and
much of the rel at eq ar esent exanple, the

ext ensi on nmay be gr(gwn epi ‘/ : 4‘ f yeg of atons after
another fromthe nolten (A%l AN fn /‘é‘;.-lsj‘ g on onto the
surface of the article. Thus, theNsghaIns © TEEXt engl on nmay be
continuous wth those of the article across the interface between

them The nethod of the present 20 ZaX?E;i?szrrther all ows the secondary
grain (dendrite) orientation to be gr A, unlike the prior art

i nterface bonding techni ques for which such secondary grain

orientation is difficult to match in the transverse direction. An
epitaxially grown region, or repaired area, may be forned that

mat ches the original netfélurgical graip,structure or orientation of
the article not only in ERrimary, but al e 25 secondary
direction. The advantage over\nost rel ated nepair nethods which

-"

§\\\

16




have equi axed grains at the interface and in the repaired area is

significant in

since the netal |l urgical

ternms of nmechanical and netal |l urgical properties,
structure of the original article does

not match the extension or repaired area by use of nost related art
met hods. Even where different alloys are selected for the 30 body and
extension, it is anticipated that there will generally be a gradation in
netal lurgical structure in the interfa88region as a result of rapid mxing
of atom c species in the liquid adjacent to the solidified

structure. Even though nost

related art nethods are practiced with

great care, there is a high likelihood 0
- 28 - | ocal surface irregularitiles and small m salignnments between
t he body and a separate extension|that may result in sonme sort of |ow

angl e boundary between

the two parjts. Likew se, there is a high

| i kel i hood that contaminating matter or either part wll becone
trapped in the interface, thereby weakgning the joint. 5 Addi tional ly,

t he rel at edfart—Tpractictes ot
di sadvant ageously cl ose the
and solidif}es. Additional

t he pa
denonstrate
woul d be re
Cross-secti
exanpl e inc
pr esent

mul tiple
present inv

ssageway's

repar TN
sageways as the nolten netal

FRQ oderations then are requrrdd to reopen
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such as airfoil vanes.

pat ent s,
ext ensi on shoul d
article,
metal | urgi ca

al though it was

be substantially the

it was unexpectedly found that considerable 20
structure,

notably alloy c

extension and existing article is perm

in some
t he net hod of

respects. Wl ded
characteristics,

properties that facilitate the use of th
formthem and thus frequently have cong

t he conposi tfers

cases.

Applicants’

ext ensi ons nmust have c
fl ow characteri

of—the articles 1o whi

concl uded that the crystal

such Qfoils,

As al so noted in the referenced

sane as that of the

onposi tion, between the
hbl e, and may even be

in several

npositions, melting

gtics and potentially ot

e
ositions
h they are added. Al so,

wel di ng proces

structure of the

exi sting

variation in

preferabl e
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5 require the use of additional devices such as ceramc dies, die

‘ext ensi ons and means for pressurizing the nolten bath from which they
are formed, that are not required for utilizing the nmethod of the
present invention. The fact that ext ensi ons having the desirable

m crostructural features described herein may be formed w thout the
use of such additional devices, therg%g reduci ng cost of 10 form ng such
ext ensi ons and avoi ding the potentiaP/®or contam nati on by such

devices, is a significant and unexpected advantage over these related art
met hods of casting extensions. . The foregoi ng

enbodi nents have been di scl osed for the purpose of illustration of
the present invention, and are not48fht ended to be exhaustive 4 15 the
potential variations thereof. Varidtions{an®2nodi fi c46Aons of~The di scl osed

enbodi mrents will be readily app llled inlthesgart. Al such
vari ations : and nodificapfons are inftended enc assed by the
clains set forth herei fafter. a8
- 30 - t al =p - 1. A
method for providing an integkal ext n article "“fénprising
the steps of: L) s€l ecit ticle congrising an
ext ensi on end having a cross- \g®© \ Hhallf IshRpe; extfensi on bondi ng
surface and an outer surface dgf d t osé?agg \$hal shape, the
extension end al so having a mErostir conpei S,19Y a superal | oy
conposition and a directionall r r bt st @& u ;""ﬁ
attaching a mandrel to t5@/ext ¢R ( ln 5 acegoto 4é
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mandrel having a cross-sectional shape that is conpatible with the cross-
‘sectional shape of the extension end and an outer surface that communi cates
10 wth the outer surface of the extension end;

formng a ceramic 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 mold cavity with a shape th&/8i s defined by the mandrel and defi nes
t he shape of an integral extension, the nold having at |east one
gating nmeans that 15 conmunicates with the nold cavity;

renovi ng the mandrel; casting a nolten material having
an alloy conposition that is conpati ble with the superall oy
conposition of the article into the nold cavity- t hrough the gating
means, the article and_nold havingdbeen oriented prior to said 20 casting
so that the cast nolted mat@fial i9 in contact with the extension bonding
surface; 3ng the cggt nolten material with an
external means for di/ng the 48t ensi on end in contact
with the nolten nat
t he extensi on bondi

nolten material as”a m ggemﬁh seed;
cooling the extension ephd under contrelled ther
to cause the nolten materi to SO|IdIfy on the£€

interface bet ween
Into the nolten material, as an integral
conforms to the shape of the 30 nold cavity and has a microstructure
that is conpatible with the m crostructure of t he extension end, the
controlled thermal conditions co ng nmaintaining a tenperature
gradient within the article such?&%ki# tenperature i s highest at the
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- 31 - interface and decreases within the article as a function of

i ncreasing distance fromthe interface. 2.
The nethod of claim 1, wherein the conponent is an airfoil. 5
3. The nethod of claim2, wherein the airfoil is a blading menber

conprising 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 airfoif/8section which joins the root and the
tip, and wherein the tip corresponds to the extension end, the tip
bondi ng surface corresponds to the 10 ext ensi on bondi ng surface, the tip
airfoil surface corresponds to the outer surface and the airfoi
shaped cross-section correspon#8 to the cross-sectional shape.

4. The nmethod of claim1, wherehn the nolten material and t he
article are all N -base, FSbade—fobase, Ti-base, or Nb-base superall oys.
5. The nethod of clgpp- _flereln tRq n2Bidr el conpr B€es a 13.g5 mMaterial
sel ected fromthe group ca\sisting~Q re netal s, netal afloys,

pol ynmers, waxes and saLLs“\‘_._.7,) 6._]ﬁe nmet hod of cl aim

1, further conprising a st\e§_of N heating the extension end of the
article with an exter N Rgati.ng during any of said steps
of casting, heating or codhi e tenperature 20
gradient at the interface N AETOARAAARN

7. The nethod of claim1, f f 62 cooling the
article with an external ne f of said steps of
casting, heating or coolingl jature gradi ent at
t he interface and 1704

8. The nmethod of claim 1, f T of heating the
extensi on end of the articl neg or heating and

al so a step of cooling the jyon #8n the extension
end of the ~article w ns cool ing during any of
said steps of casting, f rein both steps are
performed in order to control the 30 nperature gradi ent at the

interface and within the article.
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- 32 - 9. The nethod of claim1, wherein the
integral extension has a directionally oriented mcrostructure.
10. The method of claim9 wherein the directionally oriented

m crostructure of the integral extension is substantially an epitaxial
extension of 5 the directionally oriented mcrostructure of the
extension end of the article.
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