,;tue3ej:g"6T: GL% 5 A nethod of welding single crystals The invention
télates to a nethod of welding single crystals in accordance with the

- preanbl e of independent claiml1l and to the use of the nethod for 10
supplenenting a-single crystal surface structure of a worn single crystal
Ssubstrate. I's knowmn to manufacture netallic workpieces subject to high
mechani c “mmwmﬂ or thermal stresses not by classical casting 15
processemmm wthemin the formof single crystals fromthe

metal lic mel tgmmdv®@ this connection, well,-known nmethods (which can be
suitably nodified) such as the Brldgnan process are used. This neans that
the workpiece is ' i the desired formin a controll ed nmanner by

di recti onal sollwwm“mmwmmmmmron1a metal nmelt. ' 20 Wen single crystals or
single crystal ea ayers or structures are spoken of in the present
speci fication, these'PH¥I ude single crystals which have no grain boundaries
or, at the nost, small-angle grain boundaries_of |ess than 10. The

previ ously naned ternms can thus al so be understood to 25 include so-call ed
"directionally solidified structures”, with these being single crystal

structures -which have grain boundaries which are, however, substantially
paralgel, i.e. only extend in one direction.

A method of welding single crystals

The invention relates to a method of welding single crystals in accordance
) with the preamble of independent claim 1 and to the use of the method for
10 supplementing a single crystal surface structure of a worn single crystal

substrate.

It is known to manufacture metallic workpieces subject to high
mechanical, chemical or thermal stresses not by classical casting

15 processes, but to grow them in the form of single crystals from the metallic
melt. In this connection, well-known methods (which can be suitably
modified) such as the Bridgman process are used. This means that the
workpiece is obtained in the desired form in a controlled manner by
directional solidification from a metal melt.

20
When single crystals or single crystal areas, layers or structures are
spoken of in the présent specification, these include single crystals which
have no grain boundaries or, at the most, small-angle grain boundaries of
less than 10°. The previously named terms can thus also be understood to

25 include so-called "directionally solidified structures”, with these being
single crystal structures which have grain boundaries which are, however,

substantially parallel, i.e. only extend in one direction.



.2 Such netal lic workpi eces having a single crystal structure are preferably
used as machi ne conponents which are exposed to high tenperatures and
severe nmechani cal or chem cal stresses over |onger periods of time. For
instance, as a rule the nelting tenperature of the single crystal 5

> structures can, for exanple, be substantially increased with respect to the
nelting tenperature of a correspondi ng_pol ycrystalline workpiece
manuf act ured of the sane material. The2nelting point is noreover defined
much nmore sharply in the single crystal workpieces. 10 For this reason,
single crystal machine parts are e.g. particularly suitable for use as
blades of gas turbines or as rotors for aircraft power plants. Socall ed

" super - ag|,8%Smet &g w@PkﬁaeEb& eRlvih i) sifEle tﬁpg’ﬁJuTct\(xF@)arQ Ppréfer@Bly F on

(Fe) base have proved thensel ves as alloys for such single crystal “turbine
bl ades. Raediasuimadhine tm@npeullengaswhmda ane ckpbstdite higbhlteasp@atMres or 15
CVBX- 4 sho excepti onal hani cal 6s\lrs]emcal and t her mal 8&§E§rtles even at

hi gh tenpB a‘i“-‘tYFé I8F¢ Pf I egRical,SiFSES AT ‘Hbgeﬂd??ﬁl PPfe of the
previ ousfry,. @'ﬁ%&ed‘gxs@gﬁ cdfﬁ@%él'tﬁ% éi%'ﬂu?%?"tﬂéts% Ie hi ne parts,
a certain f he sur ace occur perat| on over tiIne due to the

hi gh 56t r srseturddiaan| for exampée,ahe eubsgimaﬂdz}s mmteappddwﬂhatds@ecs to the
depressi on

i or damage of di fferent |nd for ex n occur at the
surface B E‘HSHC%E‘%W%BT%&f@sCO”FSE% ’é\EeHOWé:Elﬁ'tamg? wcg?(éne%e to friction
or ot her  WeAt Rk QF %‘;f%‘?%he% %at%r&tie’f‘hg?h @fx}glgﬁr{ﬁ' rlﬁo?gové’ih@éf‘?nﬁl 41 face

reg|ons are renoved over a large area SoO correspondlng machi ne 25

parts ei frhech o shabslyriapiiacsihgde ctystal wdakpgagssur f aces have to be
restored. Since the manufacture of conplete workpieces in conplex single

CTySta| growt h processes is very cost-intensive, one endeavours to restore

rostar at Foh (RS Retthet: UhBR S/ R e Eb I s ard of dflbRaliAREL A" (G
take pl afs Bye bisebladesidfEaronabisés ol asciotsiafor! dyer-t Powat ;]snamls egpnting
single crystal areas. That is, the OI’I%I nal structure is built up again on

the substaled "sapgr-adloys’s¢.8gpa & njekel (NebhpRa pohals (Qohpsron gn 150nayer in

mater o (Gl OARaAPEREbrLd rhif SRR R Fe ol R 6 MRl o Bl E N
struct ur plafes. Farsichgarigtsuparsalibns 68 hivled bisehauih asatmdiungari es where

possi bl e. Such methods are described by the term"single crystal welding"

wi t Hih t GMB¥nt shove exeepioapbmeshanieal, sbemlﬁel and t@‘ermaig»r@nemgsm
| d k EP 861 9 h it bl to build
Up one oP et MghdFmataty P aithp b dBm it met e B orystal

structure, on the single crystal structure of a substrate. ThIS nmethod is

an epitaxial method, i.e. the crystalline 15 structure of the substrate is
adopt ed By spite cpfatgh;gr pugvionuslysdesenioedbbigh dwrability of such moncrystalline

machine parts, a certain wear of the surface occurs in operation over time
20 -due to the high stresses. That is, in operation, grooves, stepped shoulders,
depressions or damage of a different kind, for example, can occur at the
surface of such machine parts, It can even occur that, e.g. due to friction
or other wear processes, e.g. of a chemical or thermal kind, whole surface
regions are removed over a large area so that the corresponding machine
25 parts either have to be replaced or their damaged surfaces have to be
restored. Since the manufacture of complete workpieces in complex single
crystal growth processes is very cost-intensive, one endeavours to restore

damaged surfaces by suitable repair methods.



.on i't. Cenerally, epitaxy, or epitaxial growh, is understood as crystal
gromh in one direction, in particular on a single crystal base, i.e. on a
substrate. Laser beans can for exanple al so be used as energy sources or
heat sources for the carrying out of these nmethods. It is possible with 20
- ~ these to introduce high anbunts of energy in a concentrated manner on a
very small area. In the nmethod shown in EP O 861 927 Al, a beam of high
energy and of high energy density is dBrected in a concentrated nanner onto
the surface of the substrate so that the surface | ayer of the substrate
starts to nelt a little. The required material for the reconstruction of
the 25 surface is supplied to the working area of the concentrated beamin
the formping (‘f\br‘iﬁecﬁﬁoﬁ,ntﬂé‘ﬁegtefé‘ﬂi% éf&?ﬂi‘ﬁitiéﬁ%g),s thhk 8186 réBhkrest the t he
beam of energy. Wth the known nethod of single Trystal welding, a

si t uat i osucfacebehashbaakd mwace byuitieatd ruiddingcof singtd ctystap layerssomphy anet er s
i n which 4 the nelted material solidjfies directionally, starting froma
surface SHPPHENSDHSE single ﬁﬁéﬁtﬁl algaS T haldssthe 9Eigin Fﬂi‘%ﬁﬁ%ﬁ tas an

epi t axi al, .| . { éff'tgi'p i: Pfﬁﬁ I r i-tsel f in
princi pl {élpl %’/@hp?%gb?ce 0 %gét?tg,@i sI,1 %&g@;{?ﬁrsﬁaﬂf cgga%l geb I rrpfrogverrent
in orge phiyer.inl & sirfglelorgstalmanhodr it thepiarmaged eireasriptefecalylt abing owt h
nanely takes place such that the nelted material directiopally solidifies

from al | theiSams matsrieddheisubstiafedsinagedl Relhis #oPaRcHON: T s neans
that di féﬁéﬁgﬁy‘g@&}rﬁ?tﬁke %‘i’?ﬁ@ %ﬂﬁ?&e%ﬁgﬂié&ﬂ‘ﬁhﬁ@%%ﬁh%ﬁt‘g{b_tﬁﬁ;ed at a

certain respect to one another 1 n accordance wt

adj oi ni npoarrRsic¥ whizee poskitsie. 8tichhaeshibds nat edestiibedrby ke fteamewor k  of
this application, such a growh is ternmed a "nulti-axial growh". The term
"uni - axi S$inglearystal welding iwithin sheconpiers efdhis applitédiori fferent |y
orimed grow h regions can then neet at one or nore interfaces, with grain
bou ries then being 15 able to format said interfaces. Such grain

boundar i asnfe¢hvE et Ghgit &'y%ltﬁlaﬁ'eltﬁhFrlg ldidvie fastn BPiEB6At DRTA Wwtith r espect
to one another therefore particularly occur when the surface is restored at

st epped #ughdéis possible dovatildupaene OFraess yerss of Rebedngre cryst al

appi i cat FRgree e BBl BREERTIL RS, i S TP bl ||
practi ceq dilgsteaty. PhibeaBthed @ beleshitasdnl Mthodhsle. ahe carystallihe- settabl e
speed so that narrow rehg_\ltons arfﬁé)roduced in the formof tracks

apprbxi mstmigtuse of ibewuhsirate isredoptedrbpsaenlayer which is beippbpiltdiBe area
mct ¢ hulrbkt: GRS sAteRs GLeplBRiTerbitfals Uik Alode By ShEsdl or T e
oL s B D e T e T Preon the
appl i cat isubstrateathseubeants candar csanpie algo beiwssd gaslexiedgy rsyes or 5
heat sources for the carrying out of these methods. It is possible with
' 20 -these to introduce high amounts of energy in a concentrated manner on a
very small area. In the method shown in EP 0 861 927 Al, a beam of high
energy and of high energy density is directed in a concentrated manner
onto the surface of the substrate so that the surface layer of the substrate
starts to melt a little. The required material for the reconstruction of the
25 surface is supplied to the working area of the concentrated beam in the
form of a wire or in the form of powder and is likewise melted by the beam
of energy. With the known method of single crystal welding, a situation

can be achieved by a suitable selection of the process parameters in which



It is.therefore the object of the invention to propose an inproved nethod
of single crystal welding on single crystal surfaces with which the
production of grain boundaries is prevented, with the exception of

smal | -angl e grain boundaries, in the newy produced single crystal regions.
* 5 The nethod which satisfies this object in accordance with the invention
is characterised by the features of independent claim1l. The respective
dependent clains relate to especially 4dvant ageous enbodi nents of the

met hod in accordance with the invention. 10 A nethod is thus proposed in
accordance with the invention of single crystal welding for the production
of a single crystal region on a surface of a single crystal substrate by
means of yANHEIIP¥neRIAL sHRifiey a%cat)nws}gbﬁa&mgsrx@lrn\aeé@fmeIcﬂr_qh@des the
supply of a coating material, the 15 fornmation of  a nelt by nelting the
coati ng smbstrast, dyd graws ari thhesurferaygf temsubatraté asmash epagxidl kysor f ace

| ayer of the single crystal substrate by the energy beam The
characteristic of the energy distribution in the energy beamis set in this
connect i PR; : rﬁ%\, [ i irSi ngl e
crystal gﬁ ilsfrig‘tﬂgpﬁisetirhbﬁf krﬁ&{slgg%%%g%géén%g inéggg%?gg%?giﬁlﬂflﬁe

i nvelt i opractiqe & datdyl iy, houwswerf still vapagibde of ympabvewsledit ig droe poirt. In
restoration of the surface of a single crystal substrate 0 surface has
been danﬁbeeHnBer\B?‘?f%ioﬁl’ttﬁé HrGFﬁF%P?§EI$EéHY§W6&r8@’F ,n%‘in\(%g(/iéel,‘e%epr essi ons

O . ATBIRE SUBNGRA: ChE chbieSd CHANBRY PecShARY ShAidANen by DUl ¢, on

and/or f n e substrate 1n a single crystal manner until the
ori gi nal agjotairgndreds (ice. aidjbirtingothepinetiediegiagaDhib ercansahhediffedentt t he
occurrence, of grain boundaries being prevented, with the exception, of

Smal | -angpxéagwgigfowhrwaﬁe@n priserghichscan hegprentaabACHfakhanglee of the

ot o | 7 Bt S AMPHALT T SR PRSI B O

beam or gurfelcedfrthie figestrates Withdattked Patmevidik sfittisepplication,ssict mat e and
gui ded over the surface in a pre-settable direction such that a surface
layer of gfowethsipiermed astrapdld-axdahgrawth s Thgders: [ wii-ayglaligrewtBgiidn in

vor ki ng gt on S ATAegb (€ Rleandl HER diRrBhtF dridel O BORSE . (o
ggpg}‘ a phneheh ket A0 of Bidhe inteflpes, Witht @railbowidarigs thehdeing a
lg able to form at said interfaces. Such grain boundaries between growth
areas having different orientations with respect to one another therefore
particularly occur when the surface is restored at stepped shoulders, at
grooves or at depressions of the single crystal substrate. Problems of the

kind described above can also occur on the application of large area layers

20 -to the single crystal substrate. In practice, the energy beam is guided over
the substrate at a pre-settable speed so that narrow regions are produced
in the form of tracks approximately of the width of the laser beam. In
order to apply large area layers, a plurality of parallel tracks, directly
adjoining one another, must thus be produced on the surface of the

25 substrate by means of the laser beam, such that one is confronted with a
step-like structure which favours epitaxial growth in different directions at
the same time on the application of each further track (along a previously
laid track]).



. device such that the coating material is |likew se nelted. The supply device
preferably allows the coating material to be supplied to the working region
in pre-settable anmounts, that is in a netered manner. The nelting of the
supplied coating material can here take place either in the liquid pool of
15 the nelted surface | ayer of the substrate or already on the way to the
wor ki ng region or simultaneously with the nelting of the surface. In a
preferred enbodi nent of the method in @ccordance with the invention, the
characteristic of the energy distribution in the energy beamis set such
that, for exanple, a pronounced energy maxinmumis present at the centre 20
"of the energy beamwhich is preferably directed to the region of the

wor ki ng ft%g'tg@réﬁrﬁﬁhg%tgé& ofSthd Mlerdtithh g&?%&?gé@aﬁrﬁ?n%%&?ﬁ{étﬂgd erial
can be melted 1n this region. e energy distribution 1h the energy beam

t hen i ni singld yristhl svebdirsg dr sihgleeowysgyl suwfaoesntith svhiehuthenpreductiono

| onger sujtahle to nelt the substrate ang the coating na erial, 25 but

whi ch ca® &fain boitngdatias isprevertedadyitk dhe axcepHe ?n@@l-ﬁ{}g € BB t he

or ac ont PERPGRERS, Fy the ey e BB ol b Bor L < v mi s such

that 5crystal growh in the lateral direction is suppressed. The crystal

grow h thus only takes place in_gne direction, as a rule_in a direction 7
per pendi Ehae srethipg whichisatigties; this obigctdnseecordaaceiwishitheninsengigtiihce of

t he ener . . | L es A .eyented. It
st ot Pt RS RY RO s B SRR RHPE, M T sPeRERY T it on
whi ch cagependent chifdicraats gy ebpécihilgadiiantabénes anthddignents sythetry to 5
t hat descri bed above, dependi ng on the demand. For exanple, the energy

naxi num Bwthafds ageordancreviibrifigr inyentiea. ener gy beam or inside the energy
bea h €: 9 by overl apping of two or nore individual rays which can
ori 31] nate fromone or nore different energy sources, it can have a

| obe- | i kg mbaiéd i§thakigroposedinCidt®rdante ke theanaehBbhséf Single addition
to the 10 overl agi)l ng of a plurality of individual rays, the characteristic

of the eowisigl wetdinghorithe predunsiamef g\singlencrystalaregion®ns atsuxfaegiof abl e

devi , _€.d. i cal i h I i
by & chahou gl S STy aare i aRGeRsdhan SHETAN RFA: AR BIRERE OF this
appl | cat sifple chpstad vl ainglinAakES TSP d bodtifEaaténal whiech stands

per pendi cular to the direction of the novenent of the energy beam and
si mllx anfesusdtjoniofsa inelt bytmplting the catinly mat¢edakbbyynbanmafshemnergy” 20

| ddit] to t ft [ | ti b
or ocesscbeamAnddhe BeTheal SyfheR v SEe Sete LA SITRERE as (he
met hod f e Bh8r@HBRAM. Ofh & BRABNCIRFiSHRASS thid éfle iy idtiibutoPRSthel € to set a

pre-settable energy distribution in the energy beam Depending on the
demands enexrgy béamkisnsttoh Brisrapnrssdioccesuckdhak dbedatsrahbiead fioor fmm25

beans, ay,c prqcesses or. ot.her he .coat.i n rocess , s carried out under
Crart " galie PRI SR EE T Sirte sl s e DS R T | £ al 50 bei g
conegj vabl e to carry out the nmethod under environnmental atnosphere, that is

wi t hout the use of a special process chanber. 8
The method in accordance with the invention is preferably used for single

crystal welding for the restoration of the surface of a single crystal
substrate whose surface has been damaged or worn in the form of stepped
shoulders, grooves, depressions or in another manner. In this connection,

25 layer on layer is built on and/or further built on the substrate in a single
crystal manner until the original size and shape of the workpiece has
again been reached, with the occurrence of grain boundaries being

prevented, with the exception of small-angle grain boundaries, in the



. In the method in accordance with the invention, the single crystal
structure is built upinthe formof thin strips, layers, plates or even in
nore conplex forms, with a plurality of the thin strips, layers, plates or
even of the nore conplex fornms being applied adjoining the substrate 5

* successively in parallel) directly next to one another or on top of one
anot her, whereby the original shape of the substrate can be reconstructed.
In practice, the energy beamis as a réle gui ded over the surface of the
substrate by neans of a programrabl e regul ati on and/or control unit. In 10
this connection, the power of the energy source can additionally be
continuously adapted to the ongoi ng coating denmands and the characteristic
of the e [ j ' i $hi rected and
changed | e b A aaRIE el R o yeta
wel di ng. ag¢éondarice with thee sertyort.o go into the problens and the inherent

| aws of epitaxial crystal growh, the occurrence of dendrites, and
guestions associated therewith (e.g. GV diagran), at this point, since

thiy ooy tHEmBAR KiAtEolda BE witt heiniehadl, 8 endip) Yehitels A2 e "
avoi & orlasetddmmmrdreanalectrordsszan| is firectadbshtatiee sndfave ohtlidhe appli ed

single crystal layers or between the_ substrate and the_ applied single
crystal papstratednd guidad gver the shefasedagh Prered ke irectien ssl@ha&pate- heat

or ef or abpytraes B e su BalG Yretads ahBien DT e R IBRERE ol
t he subsin atteichrttiehene@dt begmnadirectinlurifold@ite efftee vl b@xemhegdrthet h of the

single crystal structures to be built up on the surface can thereby be
addi t i on¥orking segiogd Goatingmatesialeggmpn dhedoemyet powdssordn Bafagm o
Unaal copt &/ B ebBhal iRl el so RIS by te slRA L LHELRET, 1

abl e to gecidecsudh ghet theepatinigumnaterialiLlikéwise melteidk THd Suppihdeeieer
preheat tenperatures, i.e. at pre-heat tenperatures bel ow 750C and even 5

conpl et epyeigrabbuallowy theccanding matsrial ke baupapplied to AheHsaghingeegie hod in

e oceutt skt e BRI S e P SHRRRRRCTRS iRk SEHPE . o
fully exghipptidd ddatird midbesiddea@f héfk ey pladeeiter folvRe ligitiarpsdl dfnher ent

stresses and to elimnate small angle graln boundaries by stress relieving

annddl i nthemelted sistagetayes of theesuhsiratenon alreagdy simtfre wayta ghel ayer in
t he tenper range from 70 125QC.. pref.erably. .at _approximately
1100c,  ovpTpig rh@Ban PRTLGANGh R STHE o€ i BRo ol s TRBIGR TR Tolger
and by apsefesealiefibsdignerdbola hitdholl ihaddorataee WvidBWheeihveatiodd, iee, for
exanpl e conventional, heat o
characteristic of the energy distribution in the energy beam is set such
that, for example, a pronounced energy maximum is present at the centre
' 20 -of the energy beam which is preferably directed to the region of the
working region to be melted, so that the substrate and the coating
material can be melted in this region. The energy distribution in the
energy beam then initially falls outside the energy maximum to a value
which is no longer suitable to melt the substrate and the coating material,
25 Dbut which can still heat the material adjacent to the melt to just below the
melting temperature. It is thereby achieved that a lateral temperature
gradient between the melt and the adjacent solid material is minimised
such that crystal growth in the lateral direction is suppressed. The crystal

growth thus only takes place in one direction, as a rule in a direction



.sources can for exanple be used as the heat source for the stress-relieving
annealing. In this connection, the specific treatnent paranmeters such as
heati ng-up rate, tenperature, duration of the stress-relieving annealing,
cooling down rate after the stress-relieving annealing, etc. depend, anong
-+ 20 other things, on the materials of which the substrate or the coating
material is built up. Stress-relieving annealing for approximately one hour
at a tenperature of approxi mately 1150& with a subsequent sl ow cooling down
has proved advant ageous, for exanple, for CM5X-4. 25 The invention wll be
explained in nore detail in the following with reference to the drawing. To
di stinguish the prior art fromthe nethod of single crystal welding in
accordan gL the. ty) e, | f eatures
R R G e

r epr esenthg iemergy be@nti The beanrmrivedoigrdinfeoutideries isuthaseievehtedieltener gy
beam the suppl,ﬁ devi ce and_the substrate to be coated Wnea_ usj ng.t he
met hod i Arastcetill Hrcmeantiongd, thatths charagisasticeokifiseneraedistgibusion 2

mul ti-axigal: S r 5 | I
substr at gﬁlhhﬁa%ggrﬁg g%aggnvcﬁé hélgérrggttg%%go(f%} %%S%gbigg(? %a@]tff;e?ffgl[ E? @“@Eﬁ{&
exans e tRat dBscibedlabives depesding bnogiredairethd. FRcetimplecthd éheidie

met hod of the invention at a surface of a single crystal substrate; Fig. 4

an exanpleafisaunheagradae hiekahthe border bty eaargy heam, mrginside therig. 1
hematigal | v sh le for t nt..of. t b 4,
2 or | Rletdn PRSI R, BY BV e gt TR O FRET MesPiguial *ef 3 SN BRE e
usi ng t herigehaadfrof agesdaitie ditfebelhenéfyesiuesaidcdn hdiromob@lliked. As

al ready nentioned, those reference nunerals which are 20 provided with a
dash al weheraefesistioor aaywtbersvitahly dhesaatdnistic.tlneagdition setthen t he

follgwing. FEig..1 i ngl t b 3, .3 whi h
T s g L et S
4, 4" is eﬁerr@zu_@@trmut@oﬁ hit thedrtitgybddif CArChlNo! He 3t byesisitable d&AEESY
material 5, 5 is supplied to the Wworking region of the energy beam by the

25 suppl g.glepticaly magnetitior etbeylernse aystemsior ihiendthenmsnanmertbysa 6' on

the change in an individual energy beam.

15 Within the context of this application, the lateral direction is always that
direction which stands perpendicular to the direction of the movement of
the energy beam and simultaneously lies in that plane in which the energy

beam is moved.

20 ‘In addition to the use of the previously mentioned energy beams, arc
processes such as micro-TIG or various plasma processes are possible as
the method for the supply of energy or heat, with which it is possible to set
a pre-settable energy distribution in the energy beam. Depending on the
demands or on the kind of energy source used (laser beams, electron

25 Dbeams, arc processes or other), the coating process is carried out under
inert gas or in vacuum in a suitable process chamber, with it also being
conceivable to carry out the method under environmental atmosphere,

that is without the use of a special process chamber.



.surface, with the energy beam 4, 4' being able to be noved over the
substrate 3, 3" in the direction Y, Y along the step at an adjustable
speed V, V. The substrate 3, 3" can be pre-heated to a specific pre-heat
tenperature, with a tenperature gradient GR, GR being able to be 11
-additionally applied to the novenent of the energy beam perpendicular to
the lateral direction X, X and perpendicular to the direction Y, Y in
order to generate a single crystal grofth fromthe melt 6, 6 in the
opposite direction to the tenperature gradient GR, GR. 5 Fig. 2
denonstrates in a schematic representation a nufti-axially generated
crystal growth formng a single crystal region 11' and 12' at a step-like
structur i 3 rﬁlxﬁﬁl i i y gener at ed
wi th sing gﬁg?g/lgtttg?i \%%&?ﬁg@%ﬁ%g]g% aﬁé@v%\ﬁt ’tﬁge lsr'rglt l%glrg%dd&nom fromthe
prior arstruktiuasés bwdmp'in thiifohmheSthinsstiviisahayes), platmssemeven in

characteristic 8 _of _.an energy distributiqQn qQver a, crqQss-section OX, is
di r ect edMAFELUTPIFH &trm»eﬂgﬁghaa%ur%tys@ﬁo&er thia sringhilevess, mlethn o5 y has
t he sane_,dli { ; I b%ﬁcm o I rial 5,
and the %ﬂé@?ihﬁﬁéﬁ cg}%ﬂgﬁaﬁ%sﬁeﬁh{gh sucgis?g'hotTgﬁgé:?}?%lrs{el%ﬁeqﬁtgd on the
surf&e shctéssiselysiny paralil, directly niegi tororfXanobeer bhenciqt ofignet he | aser
beam 4' is noved 1 n accqordance with Fig. 1 in_20 'direction Y' over the
surface 8nother,suberghy theorigingl shape of the subspate oan hedeForsHIChed -

supply of new coating material 5 . Due to the substantially rectangul ar
characteristic 8 of the energy distribution in the |aser beam4', a

t enper at Iti @racedecthie energ@sbeam ias herdlatgrided dvee che yurfacebf ehe shows a

| argely constant tenperature value above the nelting tenperature Tmli in 25
the nel t sebstrate by mwanisef adiresgrammsableregwhaidon ragid on epntrobipdt-diur e

val bel0! L1 i rfac v of the
subs %r at éﬁgué$?%¥ (_Eljé’nﬁlaér §§R’t% é %ggihgteur & gg %&grgg tc%?%%@%ﬁ}al hte)e | at er al

di recti ogontintvusly iaslajtel abdde!t drdgoingCdt AP aBMAHd ahartdle heat flow H 1'
arises per time unit. The lateral heat flow Hl' rempves so nuch thernal

12 ener g9hfragterissionef thesenergt distyibugionymathin the erengydbeami ¢an Adse egi on
11' at a,cgr ro rate " in the lateral directi X omt he
bor der oPEErRef S8 Rieleth ah b1t Eoh e Recrh Bl Manhdl  ce
| ayer 72'durﬁgigmé@h{lg1b drgste{lewémﬁﬁg.ce 71', with a further heat renoval H2'
taking place via 5 said surface |ayer 72' such that crystal growth is al so

generlated in the
It is not necessary to go into the problems and the inherent laws of

epitaxial crystal growth, the occurrence of dendrites, and questions
associated therewith (e.g. G/V diagram), at this point, since they have long
been known to one skilled in the art. Reference is made in this respect to

' 20 -EPO0 861927 Al and the literature cited there.

To avoid or reduce internal stresses in the substrate and/or in the applied
single crystal layers or between the substrate and the applied single
crystal layers, the substrate can be brought in special cases to a pre-heat
25 temperature, preferably inductively or in another manner, which can
preferably lie between 750°C and 1100°C depending on the material of
which the substrate or the coating material is made. The epitaxial growth
of the single crystal structures to be built up on the surface can thereby

be additionally promoted in that, for example, recrystallisation and/or



regiron 12' perpendicular to the surface |ayer 72' at another crystal growh
rate &'. Due to the different directions of crystal growh, the two growth
regions 11' and 12' then formone or nore conmon grain boundaries K which
ultimately result in a worsening of the nechanical, thermal or 10 further

* properties of the surface layer in the operation of the repaired workpiece.
In Figs. 3 and 4, the nethod of single crystal welding in accordance with
the invention is shown in a schenmatic 9epresent ation. The substrate 15
and/or the coating material preferably includes so-called super alloys such
as, e.g., IN738LC, IN939, IN 100, B 1914, CM 99, SRR 99, CMm 247 LC,
CVBX- 2, CMSX-3 CVBX-4, CMSX-6, Mar-M02 or other super alloys or other

sui t abl &AgRpgh ﬁ{écgﬁgjlﬁﬁe BERIRNFESS gﬁé\%tearur SRYIt RIAmIsHE. ENRIEY
beans, e.g. two | aser beans, are brought partly overlapping in a 20 nelting
regi on Mertaisecirounhstasicespahew2vef, it vansbeshor adGantageeuset tede Jhies has

t he consequence that the characteristic 8 of the eng distribution in the
energy b@aRd Ceap‘ﬂﬁlbﬁotﬁﬁ’&@er‘?%? G4 ﬁ‘fif‘?{ltlsﬁetorn‘é’loﬂ“ﬁ’&lt{‘g‘éiu&? WeHHRTe-

charact q&%éettt'r?g? ePAtures, ﬁe.eagybreurﬁéartitekﬁaatﬁ@ba@w 78k {13 leveho a val ue

outside t Ing region Mwhich corresponds to 25 the energy content of
an i 8di viapletetiemithdstany gfrerlreating whttkhe \suhbsttateg t o t he energy val ue of
zero in a region outside the energy beam A corresponding | ateral
tenperature profile T results in the nelt 6 or in the surface of the

mper at r in the surface of the
and i o RsUER, (1P pAB0A D hcqdt e A kIR L RBOED BN S M o i

t he regigutudrenact efpeait boand=aies, ithewderrédee bhbmadhaaghd gtdhim ener gy beam
4 which is higher than the nelting tenperature Tm of the substrate 3 and of
the coatbeigndariesican peverthelgss rohheduilyexclwdednldcgn Heambesok i gned and

il R R e e e it TR

then fi r@ﬁ%kagﬂeﬁntmm@mﬁes@ytstvabsleeﬂazihglaamddlmgref thegubstieeaind e so
that, in the lateral direction adjoining the nelt 6 and inside the
subst r athesnewly byibupsirglsgrastaldeyor & tbe dampesaperarange fOMs present,

o
L h ; .
T that - BOFGEOFIARG S refe bl hesuiitatppeyt 106l e Bk ke BEFRELD'
nelt 6 agfthalfeirs Wosir] ahchdus| tvas hloyiradirdohigss, arfd by 4 keitegarnttdla cryst al

growh is practically suppressed in the lateral direction. |In contrast, a
cor A8spoeanling.yHighy frequepsydevecyrardotder, for exampls pearentionabl Reat (at t he

surface laver 72 nq@t parallel to the rf.ace 71)_ a the 15 adj.oi.ni.n
subst 1 at 8 Tes arl or BEEMRE b Bed Bt BE (R Bty B8, e SE RN
into theanuBaling! b #hiss€snnsdtioMpiied Y¥pedfiertyedmhet patdncietSuehyas
generated perpendicularly to the surface er 72 wwth a crystal growh

| a
rate G DReaBngtye rate t@mpmtnéeh@ur@&imsiqﬂgﬁg sfreas-elicvdngiannealing&cor dance

with the_ ] ion e g&r Lon. of a.pluralit f crystal as 11'
and 11 SO oWl Pl f Th SRects Puliylhe abbaloal S Gendldr At

et hod kowwse fHiAEs! bR thlel @ateribls bEwRIGIPREE Sebstftetdiuthd beafiapmati on of
grain boundaries K is prevented, with the exception of small-angle grain
25 boundaratesial Thdudlidlp.t tresswistikpinganneabag ferappcesinmately eanbptironed
by at a temperature of approximately 1150°C with a subsequent slow cooling

down has proved advantageous, for example, for CMSX-4,

25 The invention will be explained in more detail in the following with
reference to the drawing. To distinguish the prior art from the method of
single crystal welding in accordance with the invention, the reference
numerals referring to features of the prior art are provided with a dash.

There are shown in a schematic representation:



+the method in accordance with the invention is thereby substantially

I nmproved in conparison with workpieces treated in accordance with nethods
known fromthe prior art. The use of the method in accordance with the

i nvention represents a significant advance in particular for the 14

* repair of machine parts which are used in areas in which the operationa
reliability of conmponents with high thermal and nechani cal stress is of
deci sive inportance, such as in aeropﬂéhe construction. 15 Cdainms 1. A
met hod of single crystal welding for the production of a single crystal
region (1) on a surface (2) of a nonocrystalline substrate (3) 5 by neans

of an energy beam (4), including: - the supply of a coating material (5); -
the formation of a nelt (6) by nelting the coating material (5) 10 by neans
of the energy beam (4); - and the nelting of a surface layer (71, 72) of

t he singFig.dryst al asidisbodimefi8foibthd heramrgemgenbehthd ¢hergyd behm,adteer i sed
in that the characteristic (8) of the ener distributjion in the energy
boam (4) 15 ser outWPPRAHEYHE S LheSUBREAMILOHHG (ORI WHEBIEHE F 1 1 6)
into the single cr ; i g M aal HeFnl N
accordance with cl glﬁtr%ﬁtl)fﬁ b%é%@ﬁsgega‘%ﬁﬁwgph?héﬁgpng %%}Z‘lgq% crillstal regi on
(1) 8n the substrateethdyl;is substantially only generated in a pre-settable

direction (W). 3. A nethod in accordance with claim1l or claim2, in which
at | east

Fig. 2 multi-axially generated crystal growth at a surface of a single

crystal substrate in accordance with a method of the prior art;

10 Fig. 3 an example for uni-axial crystal growth generated in
accordance with the method of the invention at a surface of a

single crystal substrate;

Fig. 4 an example for the growth kinetics in accordance with Fig. 2.
15
Fig. 1 schematically shows an example for the arrangement of the energy
beam 4, 4', of the supply device Z, Z' and of the substrate 3, 3' to be
coated when using the method in accordance with the invention and the
known method. As already mentioned, those reference numerals which are
' 20 provided with a dash always refer to features already known from the prior
art in the following. Fig. 1 shows a single crystal substrate 3, 3' which has
a surface damaged in the form of a step. The energy beam, e.g. a laser
beam, 4, 4' is directed onto the region in the vicinity of the step. Coating
material 5, 5' is supplied to the working region of the energy beam by the
25 supply device Z, Z'. The energy beam 4, 4' thus forms a melt 6, 6' on the
surface, with the energy beam 4, 4' being able to be moved over the
substrate 3, 3' in the direction Y, Y' along the step at an adjustable speed
V, V'. The substrate 3, 3' can be pre-heated to a specific pre-heat

temperature, with a temperature gradient GR, GR' being able to be



.one | aser beamis used as the energy beam (4). 25 4. A nethod in accordance
with any one of the preceding clainms, in which at | east two energy beans
(4), preferably at least two | aser beans, are used. 16 5. Anmethod in
accordance with any one of the preceding clains, wherein the single crystal
*region (1) is produced along a stepped shoulder or a groove or a depression
at or in the surface (2) of the single crystal substrate (3). 5 6. A nethod
i n accordance with any one of the pred%bing clainms, in which the substrate
(3) is pre-heated to a pre-heat tenperature, preferably in the tenperature
range from 800C to 1000C, with the pre-heat tenperature preferably being
kept constant during the 10 manufacture of the single crystal region (1).

7. A netl.@&dltidhaagﬁ%gﬁeaqownfaveh{erﬁ of ma%&wmrﬁemdlema{@s

pl ace i nducti vel A method in accordance W th any one of
pr ecedi nﬁleclaacml, diraction X, X' and perpendicular to the direction Y, Y' in order

to generate a single crystal growth from the melt 6, 6' in the opposite
direction to the temperature gradient GR, GR'.

Fig. 2 demonstrates in a schematic representation a multi-axially
generated crystal growth forming a single crystal region 11' and 12' at a
step-like structure on a single crystal substrate 3' such as is typically

| generated with single crystal welding in accordance with the method

10 known from the prior art.

A laser beam 4', which has a substantially constant characteristic 8' of an
energy distribution over a cross-section AX', is directed onto a surface
region on the substrate 3' which substantially has the same dimension AX'
15 as the laser beam 4'. The coating material 5', and the surface layers 71"
and 72' of the substrate 3', are melted on the surface of the substrate 3' in

the region AX',

For the coating, the laser beam 4' is moved in accordance with Fig. 1 in

20 ‘direction Y' over the surface of the substrate 3' at a pre-settable speed V'
under constant supply of new coating material 5'. Due to the substantially
rectangular characteristic 8' of the energy distribution in the laser beam
4', a temperature gradient T' results in the lateral direction X' which shows
a largely constant temperature value above the melting temperature Tn' in

25 the melt 6' of the coating material 5' and which falls to a temperature
value below the melting temperature Tn' in a surface layer 71' of the
substrate such that a large temperature gradient arises in the lateral
direction X' which is so large that a corresponding lateral heat flow H;'

arises per time unit. The lateral heat flow H;' removes so much thermal



whi ch the substrate (3) and/or the coating material (5) includes a netallic
supper alloy, for exanple on a cobalt base or on an iron base or on a

ni ckel base, such as IN 738LC, IN 939, IN 100, B 1914, CM 99, SRR 99,

CM 247 LC, CWvBX-2, COVBX-3, CMBX-4, CVBX-6, ' 20 ~ Mar-M02 or ot her super
~alloys. 9. Anmethod it accordance with any one of the preceding clains, in
whi ch the produced single crystal regigon (1) is annealed at | ow stress
after the single crystal welding, preﬂé%ably at a tenperature in 25 the
range from 1000C to 1250C, preferably at approximately 1150C. 10. Use of a
met hod in accordance with any one of clains 1 to 9 to supplenent a single
crystal surface structure (3), in particular a 17 worn single crystal
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10 further properties of the surface layer in the operation of the repaired

workpiece,

In Figs. 3 and 4, the method of single crystal welding in accordance with
the invention is shown in a schematic representation. The substrate

15 and/or the coating material preferably includes so-called super alloys
such as, e.g., IN 738LC, IN 939, IN 100, B 1914, CM 99, SRR 99, CM-247
LC, CMSX-2, CMSX-3, CMSX-4, CMSX-6, Mar-M002 or other super alloys
or other suitable materials. In the preferred embodiment shown here, two
energy beams, e.g. two laser beams, are brought partly overlapping in a

' 20 melting region M close to the surface 2 of the substrate 3 to be melted.

This has the consequence that the characteristic 8 of the energy
distribution in the energy beam has a pronounced maximum in the
melting region M. The characteristic 8 of the energy distribution then
initially falls to a value outside the melting region M which corresponds to

25 the energy content of an individual energy beam before ultimately falling
to the energy value of zero in a region outside the energy beam. A
corresponding lateral temperature profile T results in the melt 6 or in the
surface of the substrate 3. In the region M, in which the coating material 5

is located and in the surface layers 71 of the 72 of the substrate 3
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5 the substrate 3 is melted. In the lateral direction X, the temperature inside
the substrate then first falls to a constant value Ts below the melting
temperature so that, in the lateral direction adjoining the melt 6 and
inside the substrate 3, a region of substantially constant temperature Ts is

\ present, with the temperature Ts lying so closely below the melting

10 temperature Ty that a heat flow H; is minimised in the lateral direction
between the melt 6 and the substrate 3 directly adjoining it to the extent
that crystal growth is practically suppressed in the lateral direction. In
contrast, a correspondingly high temperature gradient is set between the
melt 6 (at the surface layer 72 not parallel to the surface 71) and the

15 adjoining substrate 3, e¢.g. by cooling the substrate, such that a heat
outflow H; into the substrate arises. Ultimately, a crystal growth is
thereby generated perpendicularly to the surface layer 72 with a crystal
growth rate G.

' 20 By the use of the method of single crystal welding in accordance with the
invention, the creation of a plurality of crystal growth areas 11' and 11' of
different orientations---, such as necessarily occur in the method known
from the prior art, is suppressed and thus the formation of grain
boundaries K' is prevented, with the exception of small-angle grain

25 Dboundaries. The quality of workpieces whose surfaces are reconditioned by
the method in accordance with the invention is thereby substantially
improved in comparison with workpieces treated in accordance with
methods known from the prior art. The use of the method in accordance

with the invention represents a significant advance in particular for the
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1. A method of single crystal welding for the production of a single
crystal region (1) on a surface (2) of a monocrystalline substrate (3)

5 by means of an energy beam (4), including:
- the supply of a coating material (5);

) - the formation of a melt (6) by melting the coating material (5)

10 by means of the energy beam (4);

- and the melting of a surface layer (71, 72) of the single crystal
substrate (3) by the energy beam (4);

15 characterised in that the characteristic (8) of the energy distribution
in the energy beam (4) is set such that the lateral thermal flow (Hi)

from the melt (6) into the single crystal substrate (3) is minimised.

2. A method in accordance with claim 1, wherein a growth of the single
©20 . crystal region (1) on the substrate (3) is substantially only generated

in a pre-settable direction (W3).

3. A method in accordance with claim 1 or claim 2, in which at least
one laser beam is used as the energy beam (4).
25
4, A method in accordance with any one of the preceding claims, in
which at least two energy beams (4}, preferably at least two laser

beams, are used.
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5. A method in accordance with any one of the preceding claims,
wherein the single crystal region (1) is produced along a stepped
shoulder or a groove or a depression at or in the surface (2) of the

single crystal substrate (3).

6. A method in accordance with any one of the preceding claims, in
which the substrate (3) is pre-heated to a pre-heat temperature,
preferably in the temperature range from 800°C to 1000°C, with the

) pre-heat temperature preferably being kept constant during the

10 manufacture of the single crystal region (1).

7. A method in accordance with claim 6, in which the pre-heating

takes place inductively.

15 8. A method in accordance with any one of the preceding claims, in
which the substrate (3) and/or the coating material (5) includes a
metallic supper alloy, for example on a cobalt base or on an iron
base or on a nickel base, such as IN 738LC, IN 939, IN 100, B 1914,
CM 99, SRR 99, CM-247 LC, CMSX-2, CMSX-3, CMSX-4, CMSX-6,

20 - Mar-MOO02 or other super alloys.

0. A method in accordance with any one of the preceding claims, in
which the produced single crystal region (1) is annealed at low
stress after the single crystal welding, preferably at a temperature in

25 the range from 1000°C to 1250°C, preferably at approximately
1150°C.

10. Use of a method in accordance with any one of claims 1 to 9 to

supplement a single crystal surface structure (3}, in particular a
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worn single crystal turbine blade such as the rotor blade of a gas

turbine or of an aeroplane engine.



