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SOLI DI FI ED ARTI CLES This invention relates to the wel dqr%e}%)ﬂ rq(g‘og];f\t I cles
havi ng Lented grain structure produced by directi galyusa@hises fication,
and, rm%"gghﬁacul arly, to the weld repair of directionally solidified

ni ckel - base superal | oys. BACKGROUND OF THE I NVENTION 5 Metallic articles
may be made wit | | l.difi rain structure to enhance

t hei r nechani CMBEF’mgSﬁHm{)Mﬁ BLHYFEED ARTICERS t i onal
solidification, nolten netal in a nold defining the shape of the article is
cool ed  urmihey in0&dtioATBlates tb RN A SeRbOdti i gkl i es
first at the end from which heatel S rené%/lgﬁfl@n%a?ﬁgﬁltggﬁgﬁﬁ%@éngth of

the nol d gsoduced by wirectanal solidificatich) ahé) mure patiauthilglus theWRRl Rpuirof The
resulting structure &;F& nlf(@nggr of grains that are elongated along the

| engt h of diTRgHansly splidibied pickelbasesuperalloys.ow direction. The grain
boundaries are parallel to the heat flow direction as well. The grains
typi cal | ypgw BROURD OF T8 BdvEne tructure according to the fastest

gr owi ng crysta?ﬁ%r aphleg’%iﬁ?ect I on Iboh? a seeded orientation introduced at
the end first solidified. The grain orientation is 15 selected to achieve
goodShi ghMetatlie raaticles npyobe mddeswithra dércviiorellyt Sudidifiéd ghen sasiendy to

di rectional, sol itgi'f i cat.ion is posi.ti oned such that the mgjor nechanical

| oadi ng i Sh2ARS itAeir Jarchanioal myoperties, @4 elevated dempenatuses. Uk digectional

sol i di ficgfy :The | ' | Q. ShLIruct ur rallel to,the heat
flow di reﬁlilﬁcatféphgglgﬂeﬁ h%e&%]teg{]%glﬁdﬁgﬁgﬁ x% ngt ﬁthgﬁét# tﬁ% %ﬁﬁ;ﬁ‘% 1sd?qoé%q I on.
Addi ti onaunigliredtionally frent éie ¢iid ofith@fold1ETHE feth] Rolidifias fiR aP@E ahdl Gont © t he
heat flow direction reduces the incidence of grain boundary creep.

Di r ect i onwhichdeatds remaereidoand then slong the lengthiof sheemolisas the tenpesstureffalls ckel -
b | QDb i n.the hottest i f aj f t ur bi
onoThos” ki Hesolidey Roibitub g The FshltiaRyoe hasimusher Dhmins g 35 cas i ng
defects, dehgnied albhpae lemﬂletrﬁoﬂ'r#araggﬁil%ﬂﬁ ﬁaggs@mcﬁa}g tezgragfa types

unique to ditectional solidificatiorn. ese ects are o | fested
as cr ackshoupdariasan¢ paralelimtherhypatfiow directicacdsswell. Ehe gratiseyysicalyrexhitdt to the
direction of.the solidification, There may be qther types of defects

pr oduced ARATIEA] In §ipetues acsprdingtodhe Estest greying erysiellographic direction
or a seeded orientation introduced at the end first solidified. The grain orientation is

15 selected to achieve good high temperature properties.

In service, the article made by directional solidification is positioned such that the
major mechanical loading is applied parallel to the heat flow direction during
solidification. The orientation of the grain structure parallel to the heat flow direction
places the g-catest material strength in this direction. Additionally, the orientation of
20 the grain boundaries parallel to the heat flow direction reduces the incidence of grain
boundary creep. Directional solidification is used to fabricate cast articles of nickel-

base superalloys to be used in the hottest portions of aircraft gas turbine engines.

When the articie is directionally solidified, there may be casting defects, both of types
common to all casting processes and also of types unique to directional solidification.
25 These defects are often manifested as cracks, particularly intergranular cracks, that
extend parallel to the direction of the solidification. There may be other types of

defects produced during solidification and also during service.
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1 17 August 2005 The directionally solidified articles ively
expensive to produce. It is therefore desirable to redgpgm%ﬁ%ﬁﬁéfects
produced during casting or service, if such repair is feasible. In one
approach, the defect may be repaired by a wel ding process, in which the
defect is filled with a filler nmetal and solidified, or by other filling
procedures. Such techniques are known - for equiaxed articles. However,
when appThedirémionslly sstidifiodadriiyles aleireliafivetyl eppdnkivk €6 prddaee. e Uhdrefose an

i nadequate repair that has an inhonogeneous m crostructure and whose
mechani c@¢siipblegerrepais ther ¢efegia praslyeedb lyring eastinglos seapes, it sudiriepait és may al so

tend to pe. ess ductili thap the defect-free ..article. .There is a need
For an_ i TavBl5el S iRBEvis B R mau e TETSTRR ek WOEIE oSG iR ay

met al | i cyRrderch &8 Andd it £ERBL miefY R sdifitd, fdrldySothbl 811 ocddfksf ur t her
provi des related advantages. BRI EF SUMVARY OF THE | NVENTI'ON The present

i nvent i ofughr dechdiemesn aretlooknf dor reqpiaked ngticles eddwevea) [wheaobpictli &d
articles. One approach produces a chenm cally honbgeneous structure, and a

grai n stdigestigndly splidified asticlent the sosplt| r py inadagpale spairnihat d1vgi Hder of t he

article.. Th |t I h the . repaired artjcle has properti whi ch are
the samehaTahaR ol iRfhys Pl EOS: Rl PudetfP e SBRHRRBH  he
arti cl e. johherneeRpiit@darBitlel hh¥ alfBMetd' &) 88 OF QeRQUERE hiAn IBE Mbfet-fr¥d t hout
substantial reduction in properties as conpared with a defect-free article.

A et hodarticlke. repairing a directionally solidified article conprises the
steps of furnishing a directionally solidified article conprising. a base

mat eri al _having a _solidus tenperature and having.a repail region wth a
grain stT{fm d¢ @ nsed JPh pR JMPEIVEA FRPERCR (1D <he: FRpRY) frfydlﬁ%ﬁtlaml& sﬁgﬂﬁeﬂ

ai n st THGE dt & Wl gParRamPENSHGRPECS dbdtarid] f |
o1 ongat e epuRar e el Ry BRRR T BTkl ont iSRRI s e

to a repgdvranﬁgégperature of from about 60 to about 98 percent of the solidus
tenperature, of the base material in an atnosphere of a protective gas that
inhibits oxidation of the base material. The defect is filled with a

filler nBRHIF SUMMARYRORTHPINYENTEORIticle at the repair tenperature. The

step of filling includes the steps of providing a source of a filler netal
of substantially the sanme conposition as the o )
. The present invention provides a method for repairing directionally solidified articles.
One approach produces a chemically homogeneous structure, and a grain structure
that is oriented similarly to that of the remainder of the article. The result is that the
repaired article has properties which are the same as or quite close to those of the
defect-free portion of the article. The repaired article may therefore be used in service

without substantial reduction in properties as compared with a defect-free article.

A method for repairing a directionally solidified article comprises the steps of
furnishing a directionally solidified article comprising a base material having a
solidus temperature and having a repair region with a grain structure of grains
elongated substantially parallel to a solidification direction. The repair region includes
a defect that is elongated parallel to the solidification direction. The article is heated
to a repair temperature of from about 60 to about 98 percent of the solidus
temperature, of the base material in an atmosphere of a protective gas that inhibits
oxidation of the base material. The defect is filled with a filler metal while
- maintaining the article at the repair temperature. The step of filling includes the steps

of providing a source of a filler metal of substantially the same composition as the
2




2 17 August 2005 base material of the directionally sollb\%}}_{gliug[dz@gticl e, and
nelting the filler nmetal into the defect progressively I'l'e moving the
source of the filler netal relative to the article in a direction parallel
to the solidification direction. The filler nmetal may then solidify wthin
the defect. Optionally, heat may be artificially extracted fromthe article
in a heat-flow direction that is within about 45 degrees of the

sol i di f i baseinmterdil of teidivectiotally aolidifiédartisleparef mmeltibp sherfdtbe netal antnitlekel  base

superal | The defect in the article is typnjcall crack. extendin
paral | el SHECHRSTERieDN FhiamOgEdhr SeirPoRt eIk gre s g e Gy
| LT 07 QY b Apheal I heNARIAAoh Bkt PRERAMAetini PR EoRURET L Ypes

of defects as wel Prior to heating, 1t Is preferred to renove any foreign
matt er prthietht defect. ptahlys theatTiney be moifadialif extrastetl dram d¢le amtickeein 4 s usual |y

acconplish by.. ar.i ndi a ba teri arqund t.he defect, creating a
cavity tﬁ?f?'%iogy «pgz%hgn g}apgé”&%&ﬁ?%%gﬁgg%eﬁ @thﬁgﬁjglpﬁica RY LRI al Iy cl eani ng
the repair region containing the defect. One enbodi nent of the present

appr oachTRE QRIEER efefitd hidde 08 inddkel BastiVupBrallbs. TI d&b&ah tRieh@rle 1s filled
with the same material as the base netal of the article. The heating of
the arti Gl gpialla hicgivkt extpatiog paelldlito rihe tdobdifichfiomgireétidnhendefeot r educes
the incidence of inconpatibility between the filler nmetal and the base
metal , ab@iall¥é anistgrasulanaack. Toe ivsatonis alsy s OrropEOBEE PRt al due

tolowd LA LY, . e al, .ln.l i t u nges. The
grain st%g%flﬁ}?‘% i ?1%213 ‘F@S‘g’i 1rleead1 é’egi%ﬁ”{:@gg 4 g& :jrall% Eﬁg? @%‘fﬁ%‘l {ﬁlgg&?he def ect
nmay be  SieSdnt M HeOddrbat TR rdnktval 85theAbrdifemattéd &l\RBuallhfecBinlishedttiyuct ur e of
the repaired region may have grains of the base-nmetal conposition oriented
par al | el giirglingheway beservabtetislaarofdthe diifeatcereating anavityhibatgisdp rbebiblieddar i es are
al so paral] el the heat flow direction. The rain size be different,
but the W}tilérﬁfi‘&rg}%ﬁlna@ﬁhm%#@c ing dhe repar F@gowg%tﬁng MESSEE i n no

i mpai rment of properties as mght be observed if the grain structure in

the repag i I | ' ﬁ’rﬁr‘é | : | cular to
t he or%ﬁﬁg@ﬁgggﬁ%%Jvﬁed?&g%r???ﬁ@%@n%o |u%é%%lgeo ?ﬂggggzggﬁ?&gg%r oach thus
al | ow debrigihsl defechss fHed with the sahe endidridl iag ek bsbermethl ontklaytidel T fi ed
articles to be repaired with very little, if any, reduction in the

" propert i kegtiag of e aaiiele &0 @bighdemperatueaduringsthe Adlingiofthe defset refuaehsepr esent
i nvention )

mcﬂezllclze of incompatibility between the filler metal and the base metal, and also
reduces the likelihood of failures of the base metal due to low ductility of the base

metal in intermediate temperature ranges.

The grain structure of the repaired region that originally contained the defect may be
similar to that of the rest of the article. The grain structure of the repaired region may
have grains of the base-metal composition oriented parallel to the original heat flow
direction, and the grain boundaries are also parallel to the heat flow direction. The
- grain size may be different, but the oriented grain structure of the repaired region
results in no impairment of properties as might be observed if the grain structure in -
the repaired region were equiaxed or had grain boundaries perpendicular to the

original heat flow direction.

Embodiments of the present approach thus allow defects in as-cast or service-utilized
directionally solidified articles to be repaired with very little, if any, reduction in the

properties of the articles. Other features and advantages of the present invention will

3




3 17 August 2005 be apparent fromthe follow ng nore dqtﬁh{ g Apscription
of the preferred enbodinent, taken in conjunction with t acconpanyi ng
drawi ngs, which illustrate, by way of exanple, the principles of the

i nvention. The scope of the invention is not, however, limted to this
preferred enbodi nent. BRI EF DESCRI PTI ON OF THE DRAW NGS Figure | is a bl ock
fl ow di agram of an approach for practicing the invention; Figure 2 is a
per spect by eappaeant ofromn the t fotlbwingaviorg detdidéd cdescriptpur @f 3thies paefptreh vi ew of
the article undergoing repair; Figure 4 is a sectional view of the article
of Fi gur emBodimgRb faksn dmgonypption with theqpgrempanyngdrawmgs.wiaigh dlusiatear ti cl e

repai red, by anat her ;approach.. n i.t hin. f . d i on;

i gar e 67 3o Y eRmiBaRe oRalp st OF ¥ iheriohoPhy REPEST bR R G 1 ne
6-6; andhofb@d! Bmied B RisRREERECEMYEdiMey Of a typical inner or outer duct
| i ner panel. DETAILED DESCRI PTION OF THE I NVENTI ON Figure 1 is a bl ock

fl ow diagram of a preferred approach for practicing the invention. A
di r ect i oBRIEF DESGRIPTIQN QF THEIRRAWINGSi shed, nuneral 20. Figure 2
illustrates such a directionally solidified article 40, in this case a

tur bi ne hl ade, for, .a s _turbine. enqgine, .The turbine.blade 40 includes an
airfoil E%uéeg]aisr?stﬂloﬂﬁﬁ%‘ﬂ dfagrer PEQD HPTORSH fOfeg{P,‘g}fg{é tggé‘"ﬁegtl?}?;rec!t ed \l/J\/nen t he

turbine blade is in service in a gas turbine engine. The turbine blade 40

i s mount gt & d pErdHeBSveisk of APhriRRAMRIngYdde@ovet ai | 44 which extends
downwardly fromthe airfoil 42 and engages a slot on the turbine disk. A

pl atform 46 extends longitudinally outwardly fromthe area where the
ai rfoil Bizure3  allantvigwsitf fROOECIMONGdrEdibg T€palRCTI US00127785 joined to the
dovetail 44. A nunber of internal passages may extend through the interior

of the ajrfoil.42, ending in _openings. 48 in the surface of the airfoil 42.
Al or E’(ﬁuf‘? K& S(?Ft“i’ﬁla“g?”tqr}éhfgarﬁﬁleg’zy‘%e Q’c}%]fe(?cfﬁ%gtlf'}"ef' T ot ective coating.
The present

Figure 5 is a plan view of an article repaired by another approach, not within the

scope of the invention;

Figure 6 is a sectional view of the article of Figure 5, taken along line 6-6; and
Figure 7 is a perspective view of a typical inner or outer duct liner panel.
DETAILED DESCRIPTION OF THE INVENTION

Figure 1 is a block flow diagram of a preferred approach for practicing the invention.
A directionally solidified article is furnished, numeral 20. Figure 2 illustrates such
“a directionally solidified article 40, in this case a turbine blade for a gas turbine
engine. The turbine blade 40 includes an airfoil 42 against which the flow of hot
exhaust gas is directed when the turbine blade is in service in a gas turbine engine.
The turbine blade 40 is mounted to a turbine disk (not shown) by a dovetail 44 which
extends downwardly from the airfoil 42 and engages a slot on the turbine disk. A
platform 46 extends longitudinally outwardly from the area where the airfoil 42 is




~invention is operable with turbine bl ades, the preferrqz>< F ki on, and
with other directionally solidified articles as well fﬂ%es of other

article Lbiﬁ?f" n gas turbine engines include turbine v3iqsyseikies nozzles,
i nner a 8) ? transition duct Iiner panel s, and transition duct struts.

Figure 7 depicts a typical inner or outer duct liner panel. The turbine
bl ade 20 | I f bl but
10 not - nde el motoReiFed | A il e BASRABisShacl s Bhiehd aloRRERRY " ™

ni ckel - basrriorefthe agfdind?, entlingds oE@iﬁﬁ% duFinahe Bufaveioftic AFHAQNL Allhgn any
ot her elenment. The referred ni c ase alloy is a superalloy, and is

strengt hmlﬁyOfbﬂ@cﬂfBPEaéQ girydbe g@ﬂfﬁfb“pth :mprot(ersty\m cedting. NIy presdit) )

Phe. t onpapidiPa 18 BPRAT I mukite o o et pnblifaion, i iy 6% e

conppsi t 'dﬁ%cﬁﬁnall?%oﬁ&ﬁ@&artﬁlés'a@%e‘l‘! m&giés'df%th faﬁﬁ{’e;s%sedf s RSN 0“ s

operable wth other alloys as wel npl es of preferre ni ckel - base
super al | epginep érchirdesturbing vahes, mrizsenozzigspmnac dnd buter uelasiBonelusOkiberhavi ng a
nom nal osi t.j on, ht p rcen aof about 9.5 perce cgobal t, about
14 percemg@ﬁra&ﬂﬂtﬂﬂlﬁ %Bdﬂlﬁtgﬂﬁeﬁ deriefa @rfypical a*BB%FtszP%d:b@F bt

tungst en al?Qout 3 percent alum num about 5 percent titanium about 0.75
per cent ﬁ nium about 0.2 percent carbon, and about 0.0115 percent boron,
bal ance nickel and inpurities; Rene 108, having a nom nal conposition, in
wei ght pdihe dmrbine hiadeaﬂbistmﬂiedof]‘tnamemﬁic aﬂniya‘iat:e nabarisl ttht 25 prefeesbly, lir om um

abouyt 0.5 &ercent B{Px(bgenum about 5 percent tungsten about, 3.2
perl@ent PEHRSEPHAILYaB bases %r{t"hcatreﬁ@nﬁ@u alloyisquiekel-bases Bieaning

15" por con fots thoft AEKECHY ﬂ%@%@ﬁ%&ﬂ?%ﬂt“@ %%elp%ﬁ%ﬂﬁsé‘%r il O

nomi nal ﬁialmctmséanxrylslamup&anby ap@icarh % g, about
5 percent chrom_u about | percent no bdenum about 5 percent tungsten,

about (liplza\&érhl . Kidh partiglgs ab@ugalamaemm t Ene alllopn hasbeusolislus per cent
al um nu abo 7, August 20 V\D 0 1970 ,PCI1 US00127785. ercent iron,
bal ancen# rzfng cﬁﬂﬁgtett %‘fh ¥paR hrgting ﬁéﬂ"lééﬂatemfhg

15 the composition of the alloy, a llquld phase first appears. The invention is operable

with other alioys as well.

Examples of preferred nickel-base superalloys operable with the present approach
include Rene 80H, having a nominal composition, in wzight percent, of about 9.5
percent cobalt, about 14 percent chromium, about 4 percent molybdenum, about 4
20 percent tungsten, about 3 percent aluminum, about 5 percent titanium, about 0.75
percent hafnium, about 0.2 percent carbon, and about 0.015 percent boron, balance
nickel and impurities; Rene 108, having a nominal composition, in weight percent,
of about 9.4 percent cobalt, about 8.2 percent chromium, about 0.5 percent
molybdenum, about 9.5 percent tungsten, about 3.2 percent tantalum, about 5.6
25 percent aluminum, about 0.7 percent titanium, about 1.5 percent hafnium, about 0.1
percent carbon, about 0.015 percent boron, balance nickel and impurities; Rene 150,
having a nominal composition, in weight percent, of about 12 percent cobalt, about
5 percent chromium, about 1 percent molybdenum, about 5 percent tungsten, about

2.2 percent vanadium, about 6 percent tantalum, about 5.5 percent aluminum, about




conposi tion, in weight percent, of about 12 percent cohglA,xaPRjs 6.8
percent chrom um about 1.5 percent nolybdenum about 4.9 percent

t ungst eRyo @hfl¥de 6- 4 percent tantalum about 6.2 percent p@l/yssongmes about
2.8 percent 1ron, about 1.5 5 percent hafnium about 0.1 percent carbon,
about 0. 015 percent boron, balance nickel and inpurities; and Mar-M47,

havi ' ' t. qf,, about 10,3 t
cobalt, apcteg, fORP Blhtd huokdt MY HabufiBS 2Reng Bap, BAOMla 5o ndnBRl “2bou
9.9 per cecémposigs,ein, welydt tperceht, PSf abbNit l??fegdegﬂkoﬁilﬂuébo'it .8 Rficeant

al um num about 1 percent titanium about 1. ercent hafnium” about 0.2 10
per cent ceiFBBMumbabeicleS persrat malpbdenpy abowsd.9 Perrept amesten] abmuntéidn i s

bl e wi h 1] 1l.. Th ticle 40 is jnitiall d
o ecc Vot GhAan I B 7B ublfucion 2 S Pobugbonl ¥ "
sol i gi fi CdriéhR @GR SAIoRH0. 1 \Werceht &&&ﬁﬁ%ﬁoﬁﬁ)l.dﬁ Je ﬁ?ﬁ&oﬁng%é}ﬁeﬁém IS a

plurality of grain boundariées 50 extending |en W se e article
40, 15 seyubimpungesjaadidac24THavinga nemiR] esmposifien) i eevght betent; of er r ed
crystallo rapgigc di rect |02)r21ll s%ch %s [001] in the. case of nobst nickel -base
super al | fPQUL 0.3, pezeent cabalts AbpRS 54 Reresnt shramiym,, about P geesent

boundar i | 4l ' | Lechl . These
grain 'boﬁiﬁggfgfigrgﬁ%gélg%é@?/? Z’!etﬁ%lé“ (E)Lﬁlg%{réﬁé agﬁl‘lruf g(l: e‘5 eg(?eﬁ'n{t ﬁ%‘tgfé'#’gi%@@?i? and

penet r at eperdent rhnsinium; abdutel pergaitaithnigngpboet OF pedenoRSMAIm ! dRug0a ns 52 20
and_the grain boundz);i es 50 need not be exactly parallel to the
sol 19 1 i Psrqeahcarbons balagee niskel apd impyeitiesy Fhe gresentinventiondsoperaltls widgr ees of

t he soli q;t%ércaﬁggé)gs%lection. The article 40 may al so i nclude sone grains
and grai n boundaries that are not parallel to the solidification direction
54, particularly in irregular areas such as the platform46. The article 40

has a reierarticlgi4MnisShitialiygrepdrbd hy'ditedtions] soligifRhAbglatiad Sssbpel al 1y 25
parallel to the solidification direction 54 in the manner described. The
repair r difieetorsd sphidificatien pragessing, wisich Tirecass st well imomwit imptheodrt,defiect 58,

Fnvar dl y PBiot hE ERr Bew et o ExienfioBlesnBiaten tyaraf &F Wboleral, © T
colis ! apinimgens SpTTRd grhcssghechod oty sy o Bl L

17 Augusdirgetis, \sacio as JA®I]dn the case of most nickel-base superalloys, parallel to a
solidification direction 54. The grain boundaries 50 are also parallel to the
solidification direction 54. These grain boundaries 50 are visible on t; ¢ surface of the
article 40, and penetrate its interior. The crystallographic directions of the grains 52
20 and the grain boundaries 50 need not be exactly parallel to the solidification direction
- 54, but are typically within about 15 degrees of the solidification direction. The
article 40 may also include some grains and grain boundaries that are not parallel to

the solidification direction 54, particularly in irregular areas such as the platform 46.

The article 40 has a repair region 56, where the grains 52 are elongated substantially
25 parallel to the solidification direction 54 in the manner described. The repair region
56 includes a defect 58. The most common type of defect 58, which will be discussed
in greater detail herein, is a crack which extends inwardly from the surface and which
is elongated parallel to the solidification direction 54. The defect 58 is typically
intergranular, that is, in the grain boundary 50 between two adjacent grains 52. Such




PCT/ US00/ 27785 an intergranul ar crack may be formed durin i<recti onal
solidification casting procedure in which the article IZdﬂfé“Qt?a@fs or it
may be r uring service. The invention is also opgiaifebdrssepair

ot her t e@ﬁg?ﬂdef ects. Exanpl es of such defects incl ug;e those that are
formed generally during casting, such as inclusions, regions of 5 non-fill,
and porosj.t d fects that are sociated nore directly. with,

di rection ﬂl‘tesrgﬁngfasic& R Pﬁ@%@@@g&,@ﬁ: ‘géeq‘f)@@k‘?oé’g‘ 0B f@PRs grain
nucl eat i orocRiY irf Khidhehe Ghkclé 801i8'68st, 10k X AP hofmed BMe

corrosi o(r){?r and hot streaks. The éef ect 5% typi cé) ;:/&ggr;lﬁ%asm ouéspilepes of

f or ei gn riavensiondslsddpdrable tbhrepaiegthentypeofdefedie Befmples ofsich defectd ong t he
si des of .an i,nt.ergr.anul Céka. g'e foreign matter 10 may include, for
exanpl e, B%irdethos Fh?amaf%ﬂ}a g9 dughig qaping, sweh asipelusiosapgionseli gn
matter i r I, far t [ he

ot ot 5O ld pdcpaty” aRl BERER th € B G AOM IRHT BBl e Ryel TPy 20

The f or eisplidification ,prode%sdspkudlﬁm)ﬁedde%ﬂ@fs?ﬁﬁm&r greienidlédtidnne Skividd ng of
the defeci _.and. al so | eave the repaired defect weak. The renoval of the

.

P .
foreign rfefectsincluds, or examply, mepashpysntn sqrrosionyang hatstreekst he base netal of
the article 40 away on the sides of the defect 58, typically to a wdth of

at | east ' : )W(]&ev I ieQH ] . ect. 58. The
region 536’%%?%“{‘%389‘t l ef e@?}ﬂ%,gﬁleg|°§§5%@nﬂg%€gﬁ$@?§éﬁﬁkﬁﬁgg by using
an aci d t56 oferendefedt, Suell a5 aldhg thessided dfat entefgriritar ko The Gorelgitmagsul t  of
the rem val K of faoreign matter is usually a larger volune of material to

be 10 | | edahinsludee foy oxamgplet oxidey impurith pirtiglsseend thailike.orWhiee gucbsent

pur poses VOl U il still be,ternmed e def ect.. e arti I,S heat ed
to a repglsl{;%"éﬁ‘b'vlgsfﬁdrﬁ%?n ’n‘tﬁ@rg?' : .re’ﬂ?é'eé&?% éﬁ%w?g_?ﬂfﬁbe aeglﬁcgrsgt!on nust
be perf opfiBfltcrthe stiBseghematepd of ﬁi@#ebaﬁ%%&&%tn%ﬁralm? THel fokdign ation my
not be performed at roomtenperature or a lower tenperature than that

speci f i etf nofesemndved, thghtrigteafere wathptheafiliing, o thet defecteped alsoiledventhe be
successful . .Th epair tenperature i s, fromahout 60 to abouf 98 percent
of the s&RaEd ﬁf’f—?ﬁg@f’%{‘t‘u ,rep‘g’}”éf ‘é&éﬁ freigngnatias de prefuably aseemoplishedper cent
of ytshe sql,i LSy : S tenla a up the
ar el e 36, iRt HRCbRE thétal OF e iBlo 89 apaf3h Y SHECHE HINBRVGE, 1P
oper at i otypisallly toatwildth aflt texssdbout ewidé as widieas the otiginabaridth of eid deftd Wi | |

not have_adequate properties. The repair tenperature cannot be higher, as
the arti &¢-eThe region 56 containing the defect may also be chemically cleaned, as by using

an acid to remove a layer at the surface of the region 56. The result of the rem. val
of foreign matter is usually a larger volume of material to be filled than the size of the

20 original defect, but for the present purposes the volume will still be termed the defect.

The article is heated to a repair temperature, numeral 24. The subsequent filling
operation must be performed at the elevated repair temperature. The filling operation
may not be performed at room temperature or a lower temperature than that specified
next for the repair temperature, or the repair will not be successful. The repair
25 temperature is from about 60 to about 98 percent of the solidus temperature,
preferably from about 60 to about 80 percent of the solidus temperature, of the alloy
base material that makes up the article 40. If the repair temperature is lower, the
subsequent filling operation will not be successful and/or the final repaired article will
not have adequate propertieé. The repair temperature cannot be higher, as the article .




17 August 2005 WO 01/41970 will be at risk for incipieng ‘ﬁ%ﬂg
PCT/ US00/ 27785 During the subsequent filling operation, 't terrperat ure of

t he reg@blﬁe font aining the defect 58 may be | ocal |y hicaingdoohesguse of
the fil ? being nelted into the defect 58. The "repair tenperature”

specified above refers to the tenperature of the 5 bulk base material of

t he artigtls @amfohgwri@ﬁmqﬁaﬁﬁ% 58 produced by a general heating of the
[ e derett [ [

article, not wt 58. The article 40 is generally heated
in a welding chanber, by any operabl e approach. The wel di ng chanber

sur r ound<Drrtiveg ﬁ!etshbd;equamtﬁilmg pperation,ithe t@mseritirt of] mélrdgudxs% exitghairigon of the
article 40 duri n%the i.11ing. procedure. The preferred protective gas 10 is

aL gon ﬁt the EF@@E way bedogally beepse of thestil ﬁ@etahhﬁlqgmléed lﬂt'éﬁl@agg into
but t he aRdst 38" 3EC S drtReraite e R Ruled B 3 i e PR e B e “arvoun

t hats wouly[ioe4se hatérihl bh&e&h&ﬂé‘@@nﬁr 16 B defeet Sggto\dﬁcm a géiRraMbkatinpy chanber
is preferably a lg ove operatlng at a slight positive pressure
€1

(typi cal lof thebantic thlmitm&Bnﬁm defegt8e i nch 15 above at nospheric pressure)

of the inert gas processed as just described to achieve high purlty The

I nterior eate r to the start,.of wel to
out gas o@&@ﬁgaﬁ%bggg?&%a"hgcag%ﬁ% @1&3}?&5@%@ a?ynol?%blﬁrag?@raf d case of
wel di ng urieke kveddifp WhaRtibet tsrrotiedst R 8191k1Q Hith ﬁ%rﬁtebﬁvé %@ﬁhﬁtomhﬂﬁts“t ain the
oxygen content of "the inert gas at |ess than about 1 part per mllion 20

(ppm, bewsdlation of dicdrtitle dQydyeing she HHipgyprosadure e'ﬂl@fefcynedgareﬂemgg in the
ni ckel - base s eraIIo ce the weld uaI|t r the sa reason,
theloi sILAEORAH ¢ shigulst B Qprettoshacte, iy PEkedPgKaZB AROuREN e dew
poi nt of cﬁiiﬂb%ﬂ“efﬁe fochl ehﬁé&t kgﬁﬁnr%%smﬁfﬁngmﬁeoﬂﬂ&?ﬁngﬂgt figi sture

contents nay be maintal ned~at | eve y passing the inert gas
t hr ough amnunﬂ«ﬁlo:mdaabn iggrsathyedidedras epmipated dvittt thd GRdtmtAhateduld ecédr enters
the wel din chanber and continuously monitoring the oxygen content of the
inert gaih thembsence of thegmotegtivegasi fihiedveldingirhamp W&Fﬂféf)é? 28laygbRstter) is

111 €0 Wbt ol b b Sl ki 1550 Sh6ur' o pbullt BhAAGISE Aol 1Y

t he repal eratu nuner
15 above atmospheric prcssure) of the inert gas processed as just described to achieve

high purity. The interior of the glove box is preheated prior to the start of welding to

outgas oxygen, moisture, and other residual gases.

In the preferred case of welding under a high-purity inert argon gas, care is taken to
maintain the oxygen content of the inert gas at less than about 1 part per million
20 (ppm), because residual oxygen strongly oxidizes alloying elements in the nickel-base
superalloy, to reduce the weld quality. For the same reason, the moisture content of
the inert gas is maintained very low, with the dew point of the inert gas of less than
about -80°F. The oxygen and moisture contents may be maintained at these low
levels by passing the inert gas through a nickel-train gas purifier operated at 1600°F
25 before it enters the welding chamber, and continuously monitoring the oxygen content

of the inert gas.

The defect 58 (as modified by the removal of foreign matter) is filled with a filler

metal while the article 40 is maintained generally at the repair temperature, numeral




17 August 2005 WO 01/41970 PCT/ US00127785 26. In the fijhlj piRsess, a
source of a filler netal is provided, nuneral 28. The flil7l‘d+1%rg5\t r(r)gt al is of

substantial |y the sane conposition as the netallic base pg@igiha7ssr om
whi ch tWé)‘gf%?‘]&I e 40 is formed generally. However, mnor variations in
conposition are acceptable. The objective of the filling process is to

fill the gef ' I . i heN
metallic %S@ﬁn%ﬁg@ Eﬁ%%sgﬁggfghggﬁyé@glsﬁﬁg%g [ ona??’yr[?)}{r§ ?ielgfed grain
st ruct ur emethh& éff dubstantially the®imd eompositivn ap dckletalio bike mieihEffogd f or ms

i nclude weld rod and powder. Figures 3 and 4 illustrate the repair region
56 in gr cuhigh thearticle 4015 fenmpdrgenerally h Howsveyinpiapr variations inscampiisifiaied as

I ' f . af | of .f | '
" cat e acRRimd TREOEE R o13he BT Blop®s Ff Bl HRe AT Fa ™ rp | °
the sefecis aﬁéu%egaﬁﬁ%oﬁqio\giﬂw dsGh&Bietdlfic bhg SRire 2l 4o Rhldvklaer netal

relative to the article ™40 in a direction parallel to the solidification
di r ect i onlifeétionallytdrientdd grast stmictuoey The HllgumetaBmaytbe is eny operabletfhemf i | | er

metal stapts at firs nd 60 qf the .defect 58, and is gradually noved
paral | el ai)’t?%?rFFéi S 'i“%a‘f"f’ °8iaPéBPWSEr'54 to a 15 second end 62. This

relative notion may be acconplished by keeping the article 40 stationary

and noVi Mok 3SHE 4 §IaPrat fRfePSir b A e 9te§fdéiaiilQnE{F'gﬂPé13”¥Héi ng the
article 40gﬁrgr any conbi nation egf rtrﬁ%ge nnvegrrlgnts. The soulr ce 59 of the

filler merigina defechisuadicgtedsistmuhdryl Hyambtheaieféc nfeheamdivad of farelgni que,
nungral 30. In the case,.of the ill ated weld ro urce,. the saqurce 59
20 Ty bamiier (4tp £3) 1 Ackicated 33 murmpral G 1 SRUIE SRt (e FSrBgiakis T8dng t ho
article rg@' Fﬂ%r@é%‘ I.e].e and
feeding ?’%8 ﬂﬁ/ﬁiﬁféeéras t | Il’lt (ffw Pﬁ%ﬂ@?@gﬁ@@%@éﬁé@ﬁ&h@ @S‘t H%?Fgéléstggar ate
heat soute ¢he aiticley4@uiy aodiredtionpearalidl dohdatsolidifivation directibre 54ask the a powder
source 59, the heating nmay be acconplished by a plasma spray or any other

oper abl e iMrsiration of Figure 3, heesquste eftheifilies metak starty at anfirst ssd A0 ohtbe fills

t he volu h f ' Reat is. extr numer al
32, f romﬁf'%ﬁgI g%’t ?e%ngs %&@@an@é{g{l E’?{%@ft% }li‘%:?@gq‘}ﬂg%}fm aﬁm%ntaf{)ﬁgaheat flow
di rgct i oggsondRAd B2AThid iRYitie MRRionafaPle h&oﬁ&ﬂishé@b?/ kBeyiag tiRlartiéle 4bhe
solidification direction 54 and opposite to the relative novenent of the
sour ce stationary and moving the source 59, keeping the source 59 stationary and moving the

article 40, or any combination of these movements.

The source 59 of the filier metal is gradually melted by any appropriate heating
technique, numeral 30. In the case of the illustrated weld rod source, the source 59
20 may be melted by an electric arc struck between the source 59 and the article 40, by
forming an arc between an electrode and the article and feeding the filler metal into
the arc, by laser melﬁng, by a separate heat source, or by any other operable heat
source. In the case of a powder source 59, the heating may be accomplished by a

plasma spray or any other operable heat source.

25 The molten filler metal forms a pool that fills the volume of the defect 58. At the
same time, heat is extracted, numeral 32, from the article 40 in a heat-flow direction
64, or multiple heat flow directions. The heat-flow direction 64 is desirably parallel
to the solidification direction 54 and opposite to the relatiye movement of the source

59 relative to the article 40, That is, if the source 59 moves from the first end 60
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59 relative to the article 40. That is, if the source 39 eS2dpsom t he
first end 60 .9 17 August 2005 WD 0114197(c) PCT/ USQ0127785 toward the
second ‘%ﬁ% aé,mt he heat flow direction is fromthe firspcer@o®ds a
directi Lt y fromthe second end 62. The heat flow direction 64, while
preferably parallel to the solidification direction 54, may deviate from

referabl y parallel to tl on direct _ ,
the ar eafriringe 38cod 54 63 e SEETS: Bt bostRed SEGR in ™"
Sol i di 11 disbtion aWaycRémalie Sebond bl 6B STheasst FloW dirdctioh 64, Whildpreferdbyct ur e of

the repaired defect. The extraction of heat causes the filler netal to

pr ogr essparaligl ta the solihification ditegsionisd, wey tevirterfrave thel sobdifisation direchienvol une of
t he def eﬁé 58, from the f'#ist eng%GO towgrd the second.end _62.. The

di rect i onaPY AR FTUCRAs abopt &7 degrees. | Howgvsr: e greatet W deyiptisn of the heat nat yral 1 y
as § resfibly difectibf G46Héth! (& sOTRUBERIYN difectibn tS!ﬂ,et_h'E%brsCtﬁsﬁg%l@fis g'ﬁrﬁ'l metal .
Optionally, the heat extraction may be artificrally aide and accel erated
wi t h t hestnsdirefofctheIrapaisedsdefbetasThe éxtrastioh of dwht capsgashd fiflemmietad ton  t he

surface of the ticle.40 or a.chj bl oc lLaced such that heat

extracti B‘f?g?'?m"gé'cséﬁ’él‘%aé& Sﬁb"}fhﬁ“ﬁ@%ﬁﬂ‘fﬁ gﬂ@&l&‘@d@‘ﬁﬂe eﬁtheﬂeg%ﬁ es 3 and
4 111 ustsgtg 'i!?erﬁmttsﬁ? Bb to\Ald the %é?;%hd g gb! %’He@f@c&@ﬁaﬁ ht%QPéJ{tﬁlcﬁgﬁj wel d- 15
repair prdocess. e filler neta as an oriented graln structure,

conpr i si imghgheatrfovd Girectidii 64 ddvary eypaialipds dedsuittofabd riviivegndvepmant b€ fir st

end 60 toward the se@ijgnd end 62. . The preferred orientation of the grains
66195 pathgspwce 89 of didler tretph Qriienallygthetheat extracion maybeartifiialbeaidesh 54, and

t hence p l.gl - e ! i LEhin. t . Ar ai of the
base. met AiC dspAers AL bR (BE BESr GRIAE 8100 3 Hbalbf ok W iBRBERAF 66 20
wi thin tiae suffaeé ofdhelaftiRdd 40%rad chillabiatk,Spladdd HRA fhut RedtadtRlctib® id he

solidification direction 54, and thence to the grain boundaries 50 of the

base netascelemtedalong the kept-dlomidirestioniéd. subst anti al | y honogeneous in
conposition, as the filler netal that fills the defects 58 is

b L.al | f I L] h [ 1] b ial of th
vt ot o Eigued acing 4 fnB e B8 TRAR strh Ol Bl PGl B e SRR EENS oy i cl'e
4019nd t/REai8pRICESS. %e@il_lérh‘fbtﬂ%@iﬁli eﬁe;t&tg&'gﬁaean %ucﬁeecéxﬁ{nig%%g’ ey ed wi th

their preferred directions parallel solidifica '

irection 54,
The gr aiwithiouheisepaized defect extending from the first end 60 toward the second end 62.

The preferred orientation of the grains 66 is parallel or nearly parallel to the
solidification direction 54, and thence parallel to the preferred orientation within the
grains 52 of the base metal of the article 40. The grain boundaries 68 of the grains 66
20 within the repaired defect 58 are parallel or nearly parallel to the solidification

direction 54, and thence to the grain boundaries 50 of the base metal.

This repaired structure is substantially homogeneous in composition, as the filler
metal that fills the defects 58 is substantially of the same composition as the metallic
base material of the article 40. The grains, including both the grains 52 of the base
25 article 40 and the grains 66 of the repaired region 56, are largely oriented with their
preferred directions parallel to the solidification direction 54. The grain boundaries,
including both the grain boundaries 50 of the base material and the grain boundaries
68 of the repaired region 56, are largely oriented parallel to the solidification direction

54. The result of this homogeneity of composition and uniformity of orientation is
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i ncluding both the grain boundaries 50 of the base matgrig| Q?@Oghe grain
boundaries 68 of the repaired region 56, are largely oriented parallel to

the sol jdifi ion direction 54. The result of this horgegan@biyisef
conposi o"r*h;% uniformty of orientation is 10 17 August 2005 WD 01141970

PCT/ USO(c) 127785 that the repaired article has properties that are the sane
as, or qui I . | hat s _no def ect. r repaired regions.
After t hekl#al?flﬁrg @%ﬁ‘@gh&{ él[lgﬁ %&F? ﬁagmgggweoﬁ P’bﬂﬁ‘sel @O%JOM“&F eat ed,
numer al Bf}mtha'gmoaga@;tsueé}jaﬁeﬂtm ivhere used, is normally selected to

provi de the optinum structure 5 %or the properties desired in the final

article. Accordingly, the selected heat treatnment is associated with the
speci fi c Alftepyhe fldingistep 2w she ansiols 4Qthay eptionalbnipd beat tieated; humeml 3dny be

peci 10 15 PhEbsfRisgf Wiere S8, Roolpby S peivia e setiomay arichise " ©°
COMPES| { | R4 1 proPertibs ésired WPHR! firlaParsibfe. SHOBIARLIY A Kolddibd GERMealrd g L hat O

t he base nmetal’, and where the heat flow n s not controlled so that

heat f | owisiassquiatediwithythespeeifid aljoyathanbas ieen sepairddf Foatkamplegtheacidlon 54. As
shown in Figuyres.5.and 6, where heat flow djrection 70 1s perpendicul ar
to the soﬂ"‘g iliﬂei S(?Qlt}oé‘ntr‘?ﬁt‘?‘%E‘E“?Bﬁe%éﬁnﬁ?q{étﬁﬁ%}'%"? acparding i PRgedEERCt are
al so genegabift BehPAMY. cul ar to the solidification direction 54. The result
is that, I'f the 15 conposition of the filler nmetal is different fromthat
of the base netal, there is an inhonogeneity in strength, corrosion, and
ot her pr ofleststresturdas superidthe loaatwhérevthe diongsdsitivh bf therfiirndhetdl & to the

So Miat totbsgnially Gfrahronatarel e bosarishiand Whsre he heal Sow cicaionn |
so {ha pebpEaFsl ad v o disgiomn
Thi o or | anii COmgRRLSs el HEACOR 8 AR udhefiy' Sind sl Sofulnlyla | °°

st ruct ur alifestivh&S4t epsi shedndizf Biures\ulnd & whereld hest flownditddtonPTER em
Al t hough a particul ar, enbodi nent of the invention has been described in

detai | f derPendiquiards th solidifieationtdizsation a4 the grainsiint the aepajred defiett are
P e oS ekl BB AR CuiAt B oltRR o el A4, "o Rl s AR AEOPS
15 composition of the filler metal is different from that of the base metal, there is an

-

inhomogeneity in strength, corrosion, and other properties. Because the heat flow
direction is perpendicular to the solidification direction, the grains in the repaired
defect are oriented so that the grain boundaries are perpendicular to the solidification
direction 54 and thence to the main load axis of the article in service. This orientation
20 can lead to premature failure. An equiaxed grain structure in the repaired defect

would also suffer from this problem.

Although a particular embodiment of the invention has been described in detail for
purposes of illustration, various modifications and enhancements may be made
without departing from the spirit and scope of the invention. Accordingly, the

25 invention is not to be limited except as by the appended claims.
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25 invention is not to be limted except as by the appgn &kﬂbﬁs- 11 17
August 2005 Cains: 1. A nethod for repairing a directionally solidified
article, conprising the steps of : furnishing a directionally solidified
article conprising a base material having a solidus tenperature and having
a repair region with a grain structure of grains elongated substantially
paral | el {9 solidification direction, the repair region including a

def ect tgék is elongated parallel to the solidification direction; heating
the article to a repair tenperature of from about 60 to about 98 percent of
t he solidus tenperAtméthodfortrmikigse ditddiendlyl solidifiad afiche) spmprising thea
protective gas that inhibits oxidation of the base material; and filling
the def e¥®PSfitth a filler metal while maintaining the article at the repair
tenperature, mﬁfnﬁﬁ@ dbctiobhily Bgiaima! d:lﬁidlélgoﬁl@%#? £Bgscthatlefiadingd, @ source
of afiller nmetal of substantially the sane conposition as the base

mat er i al saiflug tgmpdiatee aidorryingya repdit thigionevitles giail sruchiradofharking plgngates il | er

tal i . vel il i ng . fill
motal r ot Db abl s BOFASIE WOl B RPH MbioT B BRURRE AP | Lot Ton
di r ect i oi3 eloadgatddparatiki tacttle aflidification directidier ei n t he step of furnishing

i ncl udes the st f furni shing a nickel se ,su alloy. 3. Th t hod of
i m 1. whor BeHRg fhe auielifo etk BrBTE FHETLBRL ShE LOUOHIAI M hi ng o

ni ckel bgsolidiRatmpdraire \dVihd BascPmERARIAS dnl MMosphBreVl £ Plotdai € eay that sel ect ed
fromthe group consisting of Rene 80H, having a nom nal conposition, in

wei ght deppidation of helbesegnaferiddrandnt cobal t, about 14 percent chromi um
about 4 percemgin%@%l JREERHTN o FARL Inefhl 'lE?ﬁE%nt%ﬂélﬂ%s&Q%rﬁ HWfhe 3 cent

al um num abou percent titanium abou ercent hafniu about 0.2
per cent temperatre, thedteplod bitling idcwlipmethe staps ofbor on, bal ance ni ckel and

impurities; Rene 108.iafi3%' B of  MiBAhe&IRABkdiRMly te kel bosition

as the base material of the directionally solidified article, and

melting the filler metal into the defect progressively while moving the
source of the filler metal relative to the article in a direction parallel to the solidification

direction.

2. The method of claim 1, wherein the step of furnishing includes the step
of
furnishing a nickel base superalloy.

3. The method of claim 1, wherein the step of furnishing includes the step

of
furnishing a nickel base superalloy having a composition, in weight percent,
selected from the group consisting of Rene 80H, having a nominal composition, in weight
percent, of about 9.5 percent cobalt, about 14 percent chromium, about 4 percent
molybdenum, about 4 percent tungsten, about 3 percent aluminum, about 5 percent
titanium, about 0.75 percent hafnium, about 0.2 percent carbon, and about 0.015 percent
boron, balance nickel and impurities; René 108, having a nominal composition, in weight
percent, of about 9.4 percent cobalt, about 8.2 percent chromium, about 0.5 percent
molybdenum, about 9.5 percent tungsten, about 3.2 percent tantalum, about 5.6 percent
* aluminum, about 0.7 percent titanium, about 1.5 percent hafnium, about 0.1 percent

- carbon, about 0.015 percent boron, balance nickel and impurities; Rene 150, having a
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percent, of about 9.4 percent cobalt, about 8.2 percent)7cdy{ Ry about 0.5
percent nol ybdenum about 9.5 percent tungsten, about 3.2 "percent

tantal um about 5.6 percent alum num about 0.7 percent titanium about
1.5 percent hafnium about 0.1 percent carbon, about 0.015 percent boron,
bal ance nickel and inpurities; Rene 150, having a 12 17 August 2005 nom nal

conposi t h&hinal BorRIsHidh, BEWERAL perBént 2Bl 22 @ﬁf&ﬁm&ovaﬁ,b%o&u sakesht 5 per cent
chrom um_ about 1 percent nol ygdenum about per cent tungsten, about 2.2

percent CRrapadnAhouk basicer pelybdenum, gheul| Supsroan Smegstsnsabeet &&mergun num

about 3 PRLERAL absRB perRl ARGRNNI66R!5 AP cdoi B ihig SaholeN Berddd iroRaVvi Ng a
nom nal caqnposition, ercent, of abaqut 12 percent cobalt, about

i i.n weight p . )
6.8 per cBHENEHHE ! gl iBBBUHCS, Reng didchavingd | nopyas sAmpesitign, 1 weight cent

t ungst enperdbAUSS Sbotht REIWefdeht bawaltahblitt APBeft- rRBRIGE Hhou] ¥ PeRdem  about
2.8 percent iron, about 1.5 percent hafnium about percent carbon,

0.1
about 0. BPEybAeEL 3Poy D Rereenh fungslien. Hbew-4 Beraent igtalim dout A pergsat v47,

havi ng aalum@fiin)abo@ @NPP& Lt @Bn, dbBut'es el PR, abdht P pertert QahoRer CeNt
cobal t, about 8.4 percent chrom um _ about 0.75 percent nolybdenum about

9.9 per ceut Ofilgdreasent herons bajance nigket apd mpprtigsy and Mysudvi24, dapdgdent

al um nunporARAWomboRA6E 8R weld E?&Eéﬂﬁqu%ﬁ&k{flo,% Berch@ bGRNt adoaf Sk yatceaPoUt 0. 2
percent carbon, %L*?Bce ni cke nd inmpurjties, 4. The nethod of _any of

cl ai ms 19HOMHR, He %P%tmﬁgbd&nema@ oute. dIsEreRt typgstany &out 31 he

sol i di fi gatdr®RarflAlnRS hb&R- 5.5 peldeft MRINAGN, OfboaNY Rircént FtdiBurd,- 4bout NG udi ng an
additional step,.prior to the step of heating, . of renoving any foreign

mat t er pPEEEHhhaipim, geovd SPaerceniparbpRbalamesBigkd And IBRUHISS: wherein the step of

removi ng includes the step of renoving foreign matter fromthe regi on of
the defect by4.gri ntha@ndlaly of mayesti alaingy QWB)dwhéreind @fecéfect’is dhgadket hod of

any of clal 1- 6, kncluding.an. addi tional step, after the step of
filli ng,exg nﬁme%?ar?l}eégq{hﬁéoﬂ‘ﬂgcga}}oﬁ et h t he repaired defect. 8. The
met hod of any of clainms 1-7, including an additional step, perforned
si mul t aneous|$ wi t Fhamethed efpnyfof pleims nd, indhding an additional step, prior to the

step of heating, of

removing any foreign matter present in the defect.

6. The method of claim 5, wherein the step of removing includes the step of
removing foreign matter from the region of the defect by grinding away

material around the defect.

7. The method of any of claims 1-6, including an additional step, after the
step of filling, of '
heat treating the article with the repaired defect.

8. The method of any of claims 1-7, including an additional step,
performed simultaneously with the step of melting, of

artificially extracting heat from the article in a heat-flow direction that is within
about 45 degrees of the solidification direction, so that the filler metal solidifies
within the defect.

9. A repaired directionally solidified article, comprising:

an article comprising a base material having a solidus temperature and having
a repair region including a defect that is elongated parallel to a solidification direction,
the article having a grain structure of grains elongated substantially parallel to the
solidification direction; and
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artificially extracting heat fromthe article in a heaty/fA@wsdosction that
is within about 45 degrees of the solidification direction, so that the
filler metal solidifies wthin the defect. 9. Arepaired directionally
solidified article, conprising: an article conprising a base materi al
having a solidus tenperature and having a repair region including a defect
that is el ongaisng: RakAkthi e Be0l inditllCAboN Mg SltsRRally! e sihé | ! €

having a grain_ structure of gralns elongated substantially parallel to the
sol i di fi ERMPHieN scibe by, matrdalcf theattigle pnd Iayimg 2aein) YrPUFR RIS wi t hin
the def eBbundefi® ddrghtd sibatabitidlB! patitul 10 Sheseligifieationalireptidnle sanme  conposition
as the base material of the article and having a grain structure with grain
boundari es el ongated substantially parallel to the solidification

di rection. 1010.TheThe tartidle offclabmOmvéheraihdaheibase matdrmd as maniekéledasé s a
.nickel -b ralﬁ)gper alloy. 11. The article of claim9 or claim210, wherein
the defect"1s a crack extending parallel to the solidification direction.
14

11. The article of claim 9 or claim 10, wherein the defect is a crack extending
parallel to the solidification direction.
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