j%ke3ezW d6T<L 2 5 NOV 200Z Met hod for produci ng nonocrystalline 2 5 NOV 2002
“structures The invention relates to a method for producing f ~ _
directionally solidified and nonocrystalline structures, in particular from
_super -al | oys_| ccordance with the preanble of the independent claim 1.

Met al | i Q&ks Wi th nonocrystalline structures are used as parts of
machi are exposed to high nechanical, thermal and/or chem ca
stress digeto?®y operation. For exanple, the bl ades of gas turbines, in
particul ar al so those of rotors for aeroplane engines, but also those for
stationary gas turbines, are manufactured of nonocrystals. The [mmwmwmmlm
of nonocrystalline workpieces of this kind is done e.g. by dire
solidification fromthe nelt. These are casting processes in which #tibsss
liquid netallic alloy solidifies to a nonocrystalline structure, i.e. to a
nmonocrystal |l i ne workpi ece. A special casting process for the manufacture of
such workpieces is for exanple known in which the liquid alloy, which is

| ocated in a ceramc nould, obtains a crystal orientation in a directed

tenperature field, for exanple of a Bridgeman furnace. In this nethod the
dentritic crystals are aligned along the thermal flux and formeither a

col umar Crw%%%bhi@%rgE%Bﬁuéﬁhﬁg%Bﬁ%dgyéiaﬁyﬁﬁé“ééMHdth@S‘”“'Over the
full length o € WOr Kpi ece an ere, in accordance w he gener al

| i ngui stic usage, are terned Z5 ~10v 2002 - 2 "directionally
solidified"), or a single crystal structure, i.e. the whole workpiece

consi sts of eSii'?mwe t&[g%)]s&%!l'atl ! ttlg)l S, ﬁe%%%ﬁe%%%ﬁcﬁ\é jd the transition

to the gl obul'ar "or "gl"o i"tTc (polycry [ ion because this
nod- di r ect edigegiionaddes salilidl fledhend arenasvs tald. dren gi i tvale sgr dim
boundari es, pahi-GRunegats-ohheugeed ghafactef itdsficd heud e i onal |y

solidified or single crystal cConponent. \\hen nention is made of
monocr yst al PFRETOLEy OfutdeaddeReEsay 1@ i% e structures in the present
specification, then this is meant to cover both nonocrystals (single

crystals) i_ch-have nq.,gr.ai n boundarjes crysit al ru e i ch have
grain boun\é\lgllre’%gsll’ivlflfﬁ (‘:"%re teNg (%H:ézl U |nn?a ]{]}gscoau]%lllnnoe gr aﬁuncc%u;gjenszf\r@lges whi ch
extend in t Nes &vsverss ofi mechiges [Whidie axg grboradThighal | i ne

structures @RenAnSea3nede fifa1diarRiAdONadyi &0l | $Hfd £6b Stduetag es. When

tal king generally .of directionally sqlidified structures then this means
bot h si ngl e COAFSEHOR - mrcl’?w&%o %I’ed:j’?}acfgﬁﬁ]d?i{ IS PHRAGRys T
smal | - angl e pgraticiemddrsceshcae we |rasorco| iomarexsykded ssigiuctsur ésatwhi ch

e ! ; wel |z LIS :
P ansver so chsd, TS LU, fad Midie LAl SR ke BE 1O
cobal t (Co) "ORIFHFLERE). Fisi Fanufariatr arhgranet rissabking |wkpieges

exanpl e for deher3kova mEntd R RPCIYS LR +ddtei S Di s8] L pelesat &speci al |y
super-alloy% on a nlck% basi s have excellent mechanical a.d.€$§§{cal hi gh
Lenper at ur & SFPOh&RS AL trhd HAF e AT Do Fiet THRIITDRETS 1D HHEE do'%. et hod

by \neans of ldfjudhl inte tisgl Ipas sililcy tan bidi fiem, tore thenocnpsrykt &b i ne
structure, i.e. to a monocrystalline workpiece.

A special casting process for the manufacture of such
workpieces is for example known in which the liquid alloy,
which is located in a ceramic mould, obtains a crystal
orientation in a directed temperature field, for example of
a Bridgeman furnace. In this method the dentritic crystals
are aligned along the thermal flux and form either a
columnar crystalline grain structure (i.e. grains which
extend over the full length of the workpiece and here, in
accordance with the general linguistic usage, are termed



- 3 ~ 5 ~ov Zoo2 structure of a Substrate, a body or workpiece havinéwﬂ\“m}2
Jl'i kewi se nonocrystalline structure. In accordance with the invention the

met hod i s characterised by the features of the independent claim 1. The
Ssubordinate clains relate to advantageous enbodi nents of the invention. It
is possible with the new nethod to buidd up on the, for exanple,
directionally solidified structure of a substrate, one or nore layers or a
body or a workpiece with the sane directionally solidified structure as the
substrate. This is an epitaxial method (one terns crystal growth with the
sanme ori endatdon OB FrHst ] § e RS e LPk t@i&h?ié cPs i Cl hle diLect ed
crystalline structure of the substrate is adopted by the |ayer or the

| ayers whi ch- afie® Brhie WPriRietdi s i ob Pt t3 s gl terestakt be avoi ded

by a cor responshdge 95 0Hes et dvbid THge | tvend i OfoPr@yi ges Fudwyeir met hod
by neans of ichijt, is ssi bl e tg pui|d uP,%ng,or pore | ayers or,a body
or wor kpi ¥¢ eI PRI Hotfoc IR TYRe? S 1okt PRl bt Bl Gabser ReCHish this

nonocr ystadbh i dersttad tarevih menessysi by | foemst t HatsveBss espcti vel y. The
met hod is,an _epitaxial procedure.in.which the crystalline structure of the
" "oubst TaTB P BRAE it Ol o IR S AT SR

Hi t hert o, chéeretembsnbcposhithire | dyreft sonzabpui sdhigdbfiedcondsinohéng a
nonocrystg{lé@ﬁloieﬁﬁgggﬁtprystal wor kpi ece, so that the single crystal
structure d¥ the basic naterial is also present at the reconditioned
position. Wth the new process, it is now possible to nonocrystallinically
recondi t i WRetlat@geto@nts Wi dle SbAThEn6E¥gE 8L 1 WORKPEEEESEule€and O suppl ement
and newly build ug re i deal cr stal.stégcture. Ig this.Eethod t he
subst r at & CFB%TEX “ﬁ{) &% %’ﬁ%%’i\g’s’?%l Hne "t uPBFRg™ bl BHEC FECBE PR up 2 5
NQV 2002 thén ghisfis tthexntevel opedrnbabbrpethatkivatsas| ysingée by | ayer
until the L Ol J angd,, e 1 h kege S Lpybeen achi eved.
The netho%g?%gégﬁglﬁ$%ghup ﬁ%ﬁ@@r%@%ﬁ ssgﬁﬁgéghggnéﬁﬁagg??g } or of

appr oxi nefEFYyCEnESS afel faterval 953 ipnBoYngat i gFeWhdFRoPXaeRBt eri al

di fferent léﬁ@ﬂtﬁbﬁn&ybftks@& enoegakl AsbohinBagxasplvaichhexteaanshi tuki on,
reconditioning or s#ng enentation OL wor kpi eges _ha ing n?ngirxstalline
struct ur es* ARTVGRTEh AHESdahBYed Br “R6r RC°RBF PAYEINEEYSEREFE™ Er e rot or

bl ades of sgascturbs nese nolwdayseakchicdasestiohapdrmoerystiafliede structures
of so-cal jed,metakki c super-alloys and which can be repaired by the nethod
when they are damaged. Monocrystalline workpi eces can be manufactured from
the nelt by so-called directional solidification. However, such parts

manuf act Fwngxﬁbyadkiﬂgtg@n@bmyi eEf H@gébeﬁioaa?lgl %Qlidbjf?éti to wear.

Previ ous t here_was, however no_possibilit repairi r ndi ti_oni ng a
morkpieceggqu Fgeﬁinge?ntalﬁnﬁggPﬁskgkhiﬁén Hedit gfﬁg%élﬁégggi|3$Fied
manner, ine.gohibubpdndgripsagaknatheossnsorydt-angilee g¥edact ure of a worn

wor kpi ecepbin@a fRBeCr ¥st @bl NgsMaBAghnal Wt tbhe shewometRad whii drns gepw al so
possi ble to reconditjon damaged and worn workﬁg.nnnoqrﬁégalline wor kpi eces

in'a nonoBRYet SFPLRePRERARFLISE. 8xXtepddngpidndhe, P3G Pdt he cryst al
struct uredapesvtibfn bhtsnpr ocaasyvekragegrapon daayelariieshui |t up and further
up in a nonocrystalline manner on the substrate, e.g. a nonocrystalline
rotor blade, until the original size and form of the workpiece has been
reached afarnallesesubesnsllelyectnon. béaie landidl,.s coked tretdedd®such as

€.g9. McrozZ}Gae)phasy Hgghagéd%%o%@sttawt@le@% the AN, Foheat source
for carrying out the nethod, that is, énergy . )

example for the above mentioned monocrystalline turbine

blades. Especially super-alloys on a nickel basis have

excellent mechanical and chemical high temperature

properties.

The object of the invention is to provide a method by means

of which it is possible to build up, on the monocrystalline



2 5 NOV.2002 - 5 sources by neans of which it is possible to introddceNOV 200
clar'ge anobunts of energy onto a very small area or into a small volune in a
concentrated manner. The beam of high energy and energy density is directed
toward the surface of the substrate so that the surface | ayer of the
substrate nelts lightly. The materi al Es supplied to the working region of
the beamin powder formor in the fornfof a wire. The supplied material is

| i kewi se nelted. The nelting of this supplied nmaterial can be carried out
in the liquid puddle of the nelted surface |ayer or already on the way to
the i qui e p pre erabI car ed out _under _inert gas
and/ or |n(:tt'apfif/£(a%(g %e O% t%%aE%V| i POERT P6n “oF H&cﬁe%ﬁvﬁpgcgeds under
cond|t|on§mhmmohelm@n@atsﬁdelﬂheegBobubmume réglancomﬂahceswumhthaereglon
[n whi ch GBS HRLGH Aheued aal idi § tlsea@tr eqts' g Yl 2000601 8¢

solidifies in nmonocryst al hé substrate as an .
epi t axi al t&er l}@td@tpéndwltth Cricétlall é 6‘#11@ §p@@l¥§1l@fatgl oglimsi gedeliedicki cati on

i f they dadRehts@ldddisl ¥rthouarbn@Rabley £ neNe ne e 9rai n boundaries then
necessarily formin the ( transition fromdirectional nonocrystalline to

t he nondirectional structure which nullify the advantages of the single
crystal. The umm@rsyts:ttal Wik® $heuekur eeitSiodppld esd.tlllaiyeﬂp or thayerdm the
form of thi er tes _9n,camR f.orns,  of out e mllinmetre or of
a fracti o%xg p% %Ilr%gt% enallyy ke suléftlrajtgtrélz_‘ O%n&ctsl Eltf%r%ught to
a preheat ong tcenp@lmt tllaefetm tOhrear dodgy orom m@ptlacm@ﬂ@bamdhel fsafriei s
tenper at ULk rle$t8. alw etoq'lrae%@w 'seeutc*t%r%u' sd'tlllfé shtt%'tr%{t% Stiggses in

t he substrate an single ‘crystal, but
al g0 thoséSbetr\A@@&ttaﬁféaéuBettPa@e (aﬁle ttﬁé’m@r @Yaﬁttatlnerawt&btﬂt}rt@ Bt up

epi t axi al :s%trﬁehﬁxa.@ﬂltaﬂta.drﬁ@dﬁ%dcx’ﬁ@t‘aﬂl@.@ﬂélt :ba@ét epiftaxtikg ) prT ﬁ.‘ﬁemﬂil@h of

re-crystallisation and creep.i.n_the al li tructure. erm

anneal i ng 6F té:t‘ Lé?rcgtyeg Ard 10F tsﬁgt%g\)dlrf t?[ﬁe t?“ FANPStR i ne | ayer

during a peloptedbyalidet layehowr athaaltaem:r@ratlrwcét |a7ret ey inange .f Fam about

1000C to 123QC, fAL YR 4 e RARRLPE “%] %,_ lh ent sl ow cooling
ead to the dest

down reduces i nnér stresses which couI ruction of the
nonocr yst &SRO RS aemto GG trédr-yst al | i sati on and creep. The | ow
stress anneal i ng coul d however aI so be done with a HF device di rectly after

t he appll i an _of .t.he epitaxy Ia |nv nt|onvv|II ned|n

det ai | c[%he Bt olelntvtiionlg p\t/g\iotvhldr et & erynce %ergp earﬂ?offrré‘ﬁ’t

met hod. Th@ foapsridsl es drov duid dexydl @ine tdxerres@eritawdmpanaraetb@rdaf ofr t he_ net hod
and schengfjqaj;l aeesfm\wrto%%rryasrtaq&qtrte Mtfdtdx%%ﬂt:ﬂ( Ct;gt}sol atgfi [yl ng out

t he net hod. Shown are: %1 tenperature gradient fication (
rate (V) &iiddy aﬁrmlafatagl ¢ ﬁéﬁﬁ%étﬁeaﬂ%nnort%@}éﬁ:%ﬂf@d GV di agram (GV
st andi ng fswru@mémes@mxtemyl 'IEhe ‘eIHReT afdiren gfpich £6ital

soIidific%b uarteel)nt 3_‘ A ale crystt uc|Lnreest ture of a
wor kpi ece uﬁ up and recon i1 oné/dg od 4 n accor ance with the.
i nVent i on;sulisfragen isclratnmtiasd appdare d@ywm ofr il wis afftiecl eredrifithg out

the net hodyy .

Hitherto, there was no possibility of so repairing or
reconditioning a monocrystalline or single crystal
workpiece, so that the single crystal structure of the
basic material is also present at the reconditioned
position. With the new process, it is now possible to
monocrystallinically recondition damaged and worn single
crystal workpieces, i.e. to supplement and newly build up
the ideal crystal structure. In this method, the substrate,

for example a monocrystalline turbine blade, is built up



2 5 +(~U202 7 _Fig. 4 a schematic illustration of the process of v 2002
cJapplying a trail or track on the basic material by bl ow ng powder ingéiW%e
mol ten puddl e formed by the high energy beam Fig. 1 shows the typical GV
diagram of a super-alloy such as CM5X-4, for exanple, a nickel based
super-all oy which has the follow ng congpasition in percentage by weight: C
< 0.006; C 6.5, Co 9.7, Mb 0.6; W6.4; Ti 1.0; AL 5.6; Ta 6.5; Re 3.0; Hf
0.09; remainder Ni. The GV diagramis different for different netals and
netallic alloys and can be cal cul ated or experinentally determ ned for each
al | oy. ThanauEuetheseaaﬁaugpeahmoﬁ\écdiym&amiin&b@11126 16§8h0Ry0f st e t wo
paraneters ogigkfication &ate and tenEFrature radi ent ,in ich the all oy
sol i di fi egméft bufPsPFEEITS L PoACL REE iSRRG OfF € aﬂo|f§§l§6Fi Pfies to a
dendri ti cabbyndbeent edhdétradt.ure. A description and an explanation of the
GV di agram can be found e.g. in Mterial Science Engineering Vol une 65,
1984 in the publication of J. D. Hunt on "Columar to Equi angul ar
Transi ti oihe methhé ferhbdiildicar nipethoowic rysiteg.sa dfasde, seme t enperat ure
gradient shoubdabe gregketobban iy KinalaSqlididicatiopgeate of e.g.
10-3 m's 1n_order that a ocrystalli'ne structure can grow epitaxially on
t he subst FEPELFALEccOFdafice Wetknimd idhidement Cuen dhicesidgtengstal | ine
growt h oneaadlyst abbi-nexskbit!,atde iredondt id Bi%sH, aAlddRR S tibeliMee o S
call ed epitaxxé. Fgr t he ngthod t hi s nmeans .t hat e.gﬁ?the l.aser beam nust be
passed ovEFPPHEMEHEREFGPeCht VR TERSEFSST BAYodE TR 9HYS \ienEhe ener gy
suppl y usstngutherkssendbgancis acteoseEmageds ywoh veorn .5 IOV i23@2nc@, nanner
that a tegperatyure gbadienh ok Olaalals (Al 0%/l Rlphai ned at the
soildlflcatlon ront. ternatlvéiy t also neans, w respect to the
met hod, t RRLSERE PAsBPNPEANS R idemiBictineas I8 maraed ldeda nepedd iof
appr oxi nakekb¥rl8i3ofks aguekvliRe Thstdategpiend s, angl e tHdPhnaM th the
| aser beanh:s sele&ted S%Othat the tenperature gradient of 6x105 K/'mis
mai nt ai ne§F¥ ERE FBRPER%f the phase boundary solid/liquid in the melt,
bet ween the working point (the point or region where the | aser beam strikes
the Iiqui hR.the |Ligui. d oljdifjcation.front In
practi ce, g‘f’ﬁ?ggh’g)ééﬁgﬁh\%h?)é’ﬁ l%ﬁ%;%cegraq’b%mr%%%p%séseeu eéivg?fotnhghseubst rate
will lie FPelthéyr argeafldem GLiOBF Mwel (5910l di fjaadclommhdlamearegy  ¢fuathe
| aser beapamgst mBeuFakturdaesoHanca Wddl the 1M di agriam fere thedl | oy
sel ected, 1 a manner that, th teqperatureﬁ%$?dient fromthe working
Y dr

.such
point to FH’JgﬁﬁianWFQFroﬁqﬁﬁhﬂﬁﬁ' 5 RS TS di fication front
i s greateposisabidbtyt of06& elamrtiondl/ Fecktl i inrdiege rd i wigrkgni ddee ofpeddi s

sel ect ed. S ' ' ; : -%Hgﬁr t : ;
nnnocrystgﬁﬁﬁhg% ,eh nggggé%gﬁgﬁﬁgé%ﬁﬁﬁ#%ﬁkf endF?f§§£f%3§ﬁ%a dendrites
are sim | 8PeEri énted OFl g kHEI He%Pat i Hie deecgalddnchematical |y
i1l ustrat % rachhufistl oFOROGIYES NdrHKiSie@PI 1rdXd ahondSWH8F s HH 10GULL GhBthdhe
sugstrate .n.accordance t@kthe et hod. Fig. 2B schematically illustrates
a struct uﬁé‘t& i S H‘&V‘l‘n\ﬂﬁ’l Hh DAY ?J]pgcgfp?ﬁ)l st BEIP up of
t he nonocKdpstkgleld aads oot o keak esopbaces i al T hee semekpiesresy drhraough
successi v i f.an.arhitrary Qou r r i [al q | rs.
ﬁloln%%?&'s@%é.ﬁ.tln nEr ot ary, & gg}gysﬁ%{#ﬁélt@ %r?cp féar%&}]"éid HE!

This structure i's ed at the 'surfac aser- beam T material is
suppl i ed CEFYEHEY SGHVELURS! Be1evhat H £lyls garocess, layer upon layer

is built up and further up in a monocrystalline manner on
the substrate, e.g. a monocrystalline rotor blade, until
the original size and form of the workpiece has been

reached again.

Laser beamg, electrxron beams and also arc methods such as
e.g. Micro-TIG or plasma methods are suitable as the energy

or heat source for carrying out the method, that is, energy



-9 ~5 ~av 2002 a wire or a powder (not shown). The materi al suppl%g%ﬂvzmz
-whi ch can have a nonocrystalline or polycrystalline structure, is brought
"into the nolten base material in the re-nelting zone 12 and conpl etely
nelted. This-supplied material, that is, e.g. the nelted powder, then
solidifies to a layer 13 as a dendritic nonocrystal or, respectively, to a
monocrystalline structure with nonocrystalline dendrites, i.e. to a
dentritic single crystal 14. In the upper boundary region, so-called
globulites 15 mainly form as a result of the thermal conditions and/ or not

fully el dedpowder pastlches,ubich can distuhthe ronoctystallioe

structure, Th as d Sefve 3" B hiict
di sturbs aMQunbﬁo@fySMQigYnenB®r@cV@rE sWheh 2heasecobdtep:tsmadl |ayer 132

is applieg,ithe Qﬁoguébﬁééngﬁggé&tﬁénﬁéf again re-nelted and solidify in

the formof directed dendrites 142, 1.e. as nonocrystals. globulitic ’
dendrites again formon the surface of this second epitaxial |ayer 132 as

wel | . Mongesyséahl bﬂeh§%lﬁuéﬁélf§§ 38 bBby| detipiefy [6rgexesple CVSX-4 on a

substrat e of 4 with the thod i accordance mnth the i nvention
under thet ?%?%%Bxha toh ???oﬂget?%s%Vb?éﬁﬁtels% KU E0BRE aSRF E¥F Gnet er of

t he | aserlspet: o2. bhens(dsanetermolits heiyhsey. beha1matéhea5ub§trate or on

t he prioré%gé? §6Pgmdg£e %WB% 4 gomd %n o%htﬁe rtlcle SIZ§%$ in the

range of aF anet er straté: Sk n re 5 N~V
2002 - 10crPirot ebei fergasf Argbne( Athe 8gppliedshatarisi LaelikewLSaner

(track) ofeibeasubsLI abetihgsst pAYET 5uBBRLOY n900-Wifpeed gL the | aser

spot: on the substrate: prox. 4. % n). For the second
| ayer (tr%%?fle@fPEEtlet ﬁelbﬁﬂﬂgrPPﬂ?EEtP tﬁ%z?ﬁétﬁﬁdsBFf%ﬁ% | aser beam

al ong thelapékcal axrsady. én brbi wdyt be vhet ehgpiddpaddrel arhge to the
process db%S%éggnls(Egéfgggbf§cgggrkg eéht under inert gas and/or in

a vacuum.

If now the solidification of the melt proceeds under
conditions which lie outside the globulitic region, that is
in the region in which the material used solidifies
directionally, the workpiece solidifies in a
monocrystalline form, i.e. grows on the substrate as an
epitaxial structure. With metals, one speaks of globulitic
solidification if they do not solidify directionally. One
or more grain boundaries then necessarily form in the

{ transition from directional monocrystalline to the non-
direétional structure which nullify the advantages of the
single crystal.

The monocrystalline structure is applied layer for layer in
the form of thin layers, plates or complex forms of about

one millimetre or of a fraction of a millimetre.

If the substrate is e.g. inductively brought to a
preheating temperature in the range from 750°C to 1100°C
and if this temperature is e.g. maintained during the

build-up, then the stresses in the substrate and in the



Laser -power: Speed of the laser spot: circa 100 um approx. 600 W approxnoy 2002
500 mimn (8.4 nmisec) Third and further layers (tracks): O fset of the
powder injection nozzle behind the nolten puddle, relative to the process
direction: approx. 70 um Laser power: approx. 600 W Speed of the | aser spot
on the substrate: approx. 7SO mm m n.. Ehe first layer is applied to the
nonocrystalline substrate; the second | ayer onto the epitaxially produced
first layer etc., with the following |layer in each case being deposited on
the preceding one. It should be observed that the growi ng of a

rmPocr yst ah&uaeubayeﬁgméeeugsaﬁes bt atlla;ehwppbi Bdtwaearcak is conpl :at el Iy
5 f~0Ov 2~0~,-_11 nelte If _this.i,s_not the case, then e.g. not conpletely
nel t ed poﬁﬁgﬁtﬁﬁﬁfngnéogﬂFcF§¥F%Fﬂ#§§?i5ﬁrHSEV§F PBFTgeHBrites and crystals
whi ch di sepibaandldgstheyebheameneedystadl,| whe cyr aohbrabutbhe sbruaeure. In

t he buil d: ar@er._s Lhe.qr .Qf _a_larager _bho Lth the epitaxial
nmet hod, ¢ %EEEEF?Skd%%a%ﬁsE%g%%géﬁl%ﬁggéﬁﬁ g%%%% e?hgxlgg produced | ayer.
These "eqgragcdlgiapnstracsugeeds which disturb or interrupt the directed
grow h of the crystals. During the build-up of the next, overlying |ayer it
is thus of great inportance that these globulites are conpletely nelted
down so t RAFTBeRdAPRes lwREcRInSHed SHRstdas cafdduedt £6¢ RRYloRBEAFst al | i ne

struct ulrleu@i sappesiystaglife nNakeal idkeidlg alpehangabli bbeusuahageurQ her
super-all g

Lth which | bui| by th
ot hod | nkeBoF UREGGHER. CRo TBrec@Rod MGl o B 200Par 5Ratpre Crnl 7361,

I N 939, | RokOGMSB-29k4, aCplres,. SRROPY,, @R 4THsEqueEMBXs2 owCBX13ngCVEX- 6,
th'wooz'down reduces inner stresses which could lead to the
destruction of the monocrystalline structures through re-
crystallisation and creep. The low stress annealing could
however also be done with a HF device directly after the

application of the epitaxial layer.

The invention will be explained in detail in the following
with reference to exemplary embodiments of the method. The
figures serve to explain the essential parameters of the
method and schematically show a laser apparatus which is

suitable for carrying out the method. Shown are:

Fig. 1 the temperature gradient (G)/solidification
( rate (V) diagram in a log-log representation,
\ the so-called GV diagram (GV standing for
"gradient velocity" i.e. "temperature gradient
/ solidification rate"); .

Fig. 2 A

and B the crystalline structure of a workpiece built
up and reconditioned by the method in
accordance with the invention;

Fig. 3 a schematic apparatus which is suitable for

carrying out the method;



The plant 3 schematically illustrated in Fig. 3 for carrying out tthHgWH@@
econprises the laser, e.g. a C2 laser 31. The beamof the laser 31 is

defl ected to the CNCcontrol |l ed beam gui dance system 32 by the | aser beam
focusing optics 33 and arrives then at the substrate or workpi ece 34 on
which the crystalline structure is to he_built up. The CNC system 36 which
controls and regul ates the process can be programred at the programm ng
termnal 36'. The powder forwarder 35" brings the naterial to the coating
nodul e 35, and fromthere the material, for exanple in powder form is
conveyed / blown to the nolten puddle on the substrate 34, where the
material is first conpletely 2 5 NOv 200Z - 12 nelted and then

sol i difie§ifo the nonaceyBedRFimelbivgerareonThd therpreeesshPel d can al so

be produced by the coabpngingdl €r391 &knelhyk Hhoend shove sehepnihcal ly
the e.g. nDnocrystallrne ubstrate 41. The | aser beam 42 nelts_the surface

of the substrate 41. FHePhoVies POUdPE 4BLPOFRE, "PRESN WPHERLE hECFREErial i s
bl own in powder form B4 £renhife eawegy beaml.e 45 to the nolten puddl e 43.
The | aser beam and with it also the nolten puddle 43, a nelt zone, noves (
in the direction of the arrow. The nolten puddle solidifies to the

epi t axi al Figyed 4howswhhehthadchheGyr gdegirhimefstr separeadlovheusubstrate
41. The mgihegiawi.uh 2B,CLEChESR Deamagoine 8 Bupsousseol s, fayl ed out in
a vacuum _The So be carried out vacuumiw th a | aser as
t he energ?a§oﬁh§ef°NéOWhé9tC@@§Oﬁ§t#@&u#ﬂe@eﬁﬁe&tﬁﬁ@uﬁWIWBBEth return, the
mani pul at con @fob@e erergy ;sedr oey;t e sulst wake sana it heonaher sak ;to be
suppl i ed gan pres probb%nﬁ 0B’breoverhdsur bl e vacuum chanbers are not
avai | abl e “3s®a ru ?n anytdesi’réd*S§M2é "“Fi the nmethod for manufacturing
nonocrystal line structures parts or workpieces of netallic super-alloys
oaal I ne SHEUGKUEES o LRE 18UL;2¢8Ahc! b6, SUITHLALE Bl Led i th an ener gy
beam of high energy nsrty rom an energ% sour ce. e materral which is to
be i nt r od®€&a Llildco adReysoRbEr ¢enabki Felstlatedr 1 expgppheagatdyt he nel ted

regi on of geRerfubstr 38 <ibe supeRli edhEBlrhva 1] $e ?@&ﬁk@%ekﬁe”@thd- The
energy inpyt with the e er y heami s %ﬁpulated and controlled in such a

manner thSt2BRETS GO btes FS&PP|8§t| &Ye PREENSEtat ure gradient lie in
t he dendr sbild ddifyshalilonneategiaad m@mpbea@unézgpaﬂnenmuu&r@hlthet@kobul|t|c

region. ?Hggw §§%1%§e@hgho%%lqgﬁh%QQI ff%m qu QEhpEQQUC|ng

nonocrysta structures,; part or wor Kpi_eces of net allTic super - al | oys on

subst r at ed LiPrh SR lisHddepstal Fi ﬁ@@@ﬁ%ﬁﬁﬁﬂ%@%ﬂdkﬁﬁﬁk%&§¥éPFtHéestPUctures
charact er aé@@rll@ttlmt and Wl fe@cﬁfsﬂ.a@lfattllaﬁl %UEbS:tHeat(ﬁl IS alaedand b2 an ener gy

beam of an _ener ay sourc&,t% ng&e é% \Mg .S to]pe LA rodu%%d H_to t he
m)nocrystalO e stgruéﬂJ &g pé U o) nr?éalrt&? regi PHe Mterial is
conpl et el ynmehiee gubdrid adyi cenexfgy .i Bputiung ey ulCatladhrianr $@ch a manner that

the rate ef.saliditbicatigniand the tenperature gradient lie in a dentritic
crystallrnguregﬁgh In taé év |agran1and outside a globulitic region. 2. A

metthod in accordance with claim1 in which a | aser beanr an el ectron beam
Or an ar c IifS t#sethedhod i@NRHGY-ikep®uef J¥igly enariefensid emperature

gradient should be greater than 4x103 °K/m at a

solidification rate of e.g. 10-3 m/s in order that a
monocrystalline structure can grow epitaxially on the
substrate in accordance with the invention (the oriented
crystalline growth on a crystalline substrate, i.e. on a

crystalline structure, is called epitaxy).

For the method this means that e.g. the laser beam must be
passed over the substrate at a speed of about 10-3 m/s when

the energy supply using the laser beam is chosen in such a



3. A nmethod in accordance with claim1 in which the material which i3 5NGVIF&N
Jintroduced into the nonocrystalline structure is supplied in powder form or
inthe formof a wire. 4. A nmethod in accordance with claiml in which the ~
supplied material is the sane as that of the substrate or in which the
supplied naterial is different and hasga_crystalline _ structure simlar to
that of the substrate. 5. A nethod in accordance with claim1 in which at

| east one of the substrate and the naterial which is to be introduced into

a nonocrystalline structure is a nmetallic super-alloy on a Co basis or on a

Fe basis Rineer-acMut PaSESmpersbuas &Mt dnt bor AyFRIHOE {ilaRCERIgBNCe with
claim1l |n whi ch the substtate is preheated to,a preheating tenperature,

pr ef er abl X1 A %ﬁem§éﬂ%%%%?@r%trEﬂ@es?}bﬁ%509aﬁé%?e%r°@F to 1000. degree. C.,
with the preheating tenperature preferably being held constant during the

roductiop, of the.epjtaxia ayer thod in accordance with claim®o
P ount oh RS eRER X h P18  Bhed ot TR PRt P e et e b d el o
~~~av2a! iHa8. thenbbbed baaaccbHodaarempiléh abatnbd movedi ah &hepeegstal | ine

structure,pr i segqueptLy e d Ln al, stresses
preferably?a géf?%ﬁ%%%% rgalna(%eogggggh rgﬁgfkg%;% &ﬁég.LEg to 1250.
degree. C:nepegEfevmbly withbbbe laserdegreeisCeefecherrshothah atberdance

with claifd é“f’égﬂrésgﬁéaiéﬁé gt sumderom/‘ptl@ma&%&%ﬁ i) ghacuum with
t he protectlve E gre erably flow ng | amn lamnarly in the
e

or
regi on ofr?%éoﬁrﬁ ke RbaS%BQOBPdFH¥ ﬁ@%hézlﬁﬁuéécbﬁdgh%em%}Fh claim1 for
supEIenEBbeggeéhetHEnﬁchfh§|bbmﬁtsuthetgFQnafo? m@gmoﬁnﬂnﬁf¥5taéllpe
t ur bi ne bl ade articuylar r ot e,of _a_gas.turbine qr..of an
i pl ane SAGERePC TR Ch B RoiRP ol iR BIALS ntBr bEEy Lt M FRE S et ure of
a netal |l i angupke- abluélﬁmcatsqnfécenof a substrate conprising the steps of:
nmelting a region of the surface of the substrate with an energy beam from
an energy_source;  suppl a material to be introduced into the
monocr yst &1l PRackt F@Ctﬁ%@ FBeerea8uPPAER FBEI dASRKePBARhESSHBSERGte is

mel ted; cowpletrkystiBktirAget Bellmleei ah; taadraagér@kbmng aniengesgy | nput by
t he bean1% Bhg n?terla#Pso that a rate o g sol | |f|cat|gn and tenperature

gr adi ent Pe’in B dshitr eEF§§¥aPF|ne r 8?85 il an& out si de

a gl obul i afcoréghon. wikh AhpeGNodifgragufpliretrbat pAdox ﬁahectyétahhlne
structureg@f,asWREARRL! thaR PhearBRBRCEY LAl brAg i kHEPERSLPLAde, the net hod

conprising the steps of: nelting_a region of "a surface of the substrate
with an eW%FﬁynEeBﬁFPFoﬁPaﬁhénéP&9d§5&F€§l°§uBBP?ﬁﬁ§YaoﬁaF€rFQF to be
i ntroducedoirbhg Ebeimndoeaysbal Firbatstisueteaeetrothha abbhiaceofegikgm where

the SubStEgtg.EQlHE|LE9ﬁ depending on the speed selected.

As shown in Figs. 2 A and 2 B, the substrate 1 has a

{ monocrystalline, dendritic structure with the dendrites 11.
All dendrites are similarly oriented along the three
spatial axes. Fig. 2A schematically illustrates a first
monocrystalline, epitaxial layer produced 6n the substrate
in accordance with the method. Fig. 2B schematically
illustrates a structure of this kind which is built up of
two layers. The build-up of the monocrystalline structure
takes place in the same manner through successive layering

of an arbitrary number of further epitaxial layers.

This structure is melted at the surface by the laser beam;

the material is supplied to the liquid, molten bath e.g. as
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Laser type 1.5 kW COy laser

Diameter of the laser spot: 2.5 mm (diameter of the laser
beam on the substrate or on
the prior layer)

Powder: CMSX-4 powder with a particle size (mesh)

in the range of about 40 - 70 um diameter

Substrate: CMSX-4 single crystal
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Protective gas: Argon (Ar); 35 litres/min

For the first layer (track) on the substrate:

Laser power: approx. 900 W

Speed of the laser spot:

on the substrate: approx. 4.2 mm/sec (250

mm/min)

For the second layer (track):

Offset of the powder injection

nozzle and of the laser beam along

the optical axis, i.e. behind the

molten puddle,

relative to the process direction: circa 100 pm

(for the second layer)

Laser power: approx. 600 W
Speed of the laser spot: approx. 500 mm/min (8.4
i mm/sec)

Third and further layers (tracks):

Offset of the powder injection

nozzle behind the molten puddle,
( relative to the process direction: approx. 70 um
\ Laser power: approx. 600 W

Speed of the laser spot

on the substrate: approx. 750 mm/min.

The first layer is applied to the monocrystalline
substrate; the second layer onto the epitaxially produced
first layer etc., with the following layer in each case

being deposited on the preceding one.

It should be observed that the growing of a monocrystalline

layer presupposes that the supplied material is completely
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melted. If this is not the case, then e.g. not completely

melted powder grains form crystallisation nuclei for

dendrites and crystals which disturb and destroy the

monocrystalline growth of the structure.

In the build-up of a larger structure or of a larger body

with the epitaxial method, globulitic domains form at the

surface of the last produced layer. These "equiaxed grains"

are seeds which disturb or interrupt the directed growth of

the crystals.

During the build-up of the next, overlying layer it is thus

of great importance that these globulites are completely

melted down so that dendrites which would disturb and

destroy the monocrystalline structure disappear i.e.

arise at all beneath the surface.

do not

Other super-alloys with which monocrystalline structures

can be built up by the method in accordance with the
present invention are, for example, IN 738LC, IN 939,

100, B 1914, CM 99, SRR 29,
CM-247 LC, CMSX-2, CMSX-3, CMSX-6, Mar-M002,.

( The plant 3 schematically illustrated in Fig. 3 for

IN

carrying out the method comprises the laser, e.g. a COjp
laser 31. The beam of the laser 31 is deflected to the CNC-

controlled beam guidance system 32 by the iaser beam

focusing optics 33 and arrives then at the substrate or

workpiece 34 on which the crystalline structure is to be

built up. The CNC system 36 which controls and regulates

the process can be programmed at the programming terminal

36'. The powder forwarder 35' brings the material to the

coating module 35, and from there the material, for example

in powder form, is conveyed / blown to the molten puddle on

the substrate 34, where the material is first completely
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melted and then solidifies to the monocrystalline
structure. The inert gas shield can also be produced by the

coating module 35.

Finally, Fig. 4 shows schematically the e.g.
monocrystalline substrate 41. The laser beam 42 melts the
surface of the substrate 41. The molten puddle 43 forms,
into which the material is blown in powder form 44 from the
powder nozzle 45 to the molten puddle 43. The laser beam,
and with it also the molten puddle 43, a melt zone, moves

( in the direction of the arrow. The molten puddle solidifies
to the epitaxial layer 41', which has the crystalline
structure of the substrate 41.

The method with an electron beam as the energy source is
carried out in a vacuum. The method could also be carried
out in a vacuum with a laser as the energy source. No inert
gas is required in a vacuum; but in return, the
manipulation of the energy source, the substrate and the
material to be supplied can present problems. Moreover,
suitable vacuum chambers are not available as a rule in any

desired size.

In the method for manufacturing monocrystalline structures, -
parts or workpieces of metallic super-alloys on substrates
with a monocrystalline structure or monocrystalline
structures, the surface of the substrate is melted with an
energy beam of high energy density from an energy source.
The material which is to be introduced into the
monocrystalline structure is supplied to the melted region
of the substrate. The supplied material is completely
melted. The energy input with the energy beam is regulated
and/or controlled in such a manner that the speed of
solidification and the temperature gradient lie in the
dendritic crystalline region in the GV diagram, outside the
globulitic region.
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1. A method for producing monocrystalline structures, parts or
workpieces of metallic super-alloys on substrates with a
monocrystalline structure or monocrystalline structures
characterized in that:

a surface of the substrate is melted with an energy beam of an
energy source,

a material which is to be introduced into the monocrystalline
structure is supplied to the melted region,

the material is completely melted, and

——

an energy input is regulated in such a manner that the rate of
solidification and the temperature gradient lie in a dentritic
crystalline region in the GV diagram and outside a globulitic
region.

2. A method in accordance with claim 1 in which a laser beam, an

electron beam or an arc is used as an energy beam of high energy
density.

3. A method in accordance with claim 1 in which the material which
is to be introduced into the monocrystalline structure is supplied
in powder form or in the form of a wire.

4. A method in accordance with claim 1 in which the supplied
material is the same as that of the substrate or

in which the supplied material is different and has a crystalline .,
( structure similar to that of the substrate.
5. A method in accordance with claim 1 in which at least one of
the substrate and the material which is to be introduced into a
monocrystalline structure is a metallic super-alloy on a Co basis
or on a Fe basis or on a Ni basis, such as CMSX-4.

6. A method in accordance with claim 1 in which the substrate is
preheated to a preheating temperature, preferably in the
temperature range from 800.degree. C. to 1000.degree. C., with the
preheating temperature preferably being held constant during the
production of the epitaxial layer.

7. A method in accordance with claim 6 in which the preheating of
the substrate is carried out inductively.
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protective gas or in a vacuum, with the protective gas preferably
flowing laminarly or largely laminarly in the region of the
process.

10. Use of the method in accordance with claim 1 for supplementing
the monocrystalline structure of a worn monocrystalline turbine
blade, in particular of a rotor blade of a gas turbine or of an
airplane engine.

11. A method for producing a microcrystalline structure of a

metallic super-alloy on a surface of a substrate comprising the
steps of:

melting a region of the surface of the substrate with an energy
beam from an energy source;

supplying a material to be introduced into the monocrystalline
structure to the surface region where the substrate is melted;

completely melting the material; and

controlling an energy input by the beam to the material so that a
rate of solidification and a temperature gradient lie in a
dentritic crystalline region in a GV diagram and outside a
globulitic region.

12. A method for supplementing a monocrystalline structure of a
worn portion of a monocrystalline turbine blade, the method
comprising the steps of:

melting a region of a surface of the substrate with an energy beam
from an energy source;

supplying a material to be introduced into the monocrystalline
structure to the surface region where the substrate is melted;

completely melting the material; and

controlling an energy input by the beam to the material so that a
rate of solidification and a temperature gradient lie in a
dentritic crystalline region in a GV diagram and outside a
globulitic region.



