0 9 NOV 2005 1 5 A nethod of welding single crystals The invention rel ates

to a'nmethod of welding single crystals in accordance with the prmb\gzmﬁ
t

.i'ndependent claim1l and to the use of the method for 10 suppl enen

%

single crystal surface structure of a worn single crystal substrate. It is
known to manufacture netallic workpieces subject to high nechanical

chem cal or thermal stresses not by classical casting 15 processes, but to
grow themin the formof single crystals fromthe netallic nelt. In this
connection, well-known nethods (which can be suitably nodified) such as the
Bri dgman process are used. This neans that t he wor kpi ece is obtained in the
desired formin a controlled manner by directional solidification froma
metal melt. 20 When single crystals or single crystal areas, |ayers or
structures are spoken of in the present specification, these include single
crystals which have no grain boundaries or, at the nost, small-angle grain
boundaries of I|ess than 10. The previously naned terns can thus al so be
understood to 25 include so-called "directionally solidified structures",
with these being single crystal structures which have grain boundaries

whi ch are, however, substantially parallel, i.e. only extend in one
direc%ion. 0 9 NOV 2005 2 Such netallic workpieces having a single crystal
structure are preferably

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 cfystal 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 present 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.



used as machi ne conponents which are exposed to high tenperatures and
‘'severe nechani cal or chenical stresses over |onger periods of ti iG&.NOVFE)G5

I nstance, as a rule the nelting tenperature of the single crystal 5
structures can, for exanple, be substantially increased with respect to the
. melting tenperature of a correspondi ng pol ycrystalline workpiece

manuf actured of the sanme material. The nelting point is noreover defined
much nmore sharply in the single crystalp workpi eces. 10 For this reason,
single crystal machine parts are e.g. particularly suitable for use as

bl ades of gas turbines or as rotors for aircraft power plants. So- called
"super-alloys", e.g. on a nickel (Ni) or on a cobalt (Co) or on an iron

(Fe) base have prgved thepsel ves .as al) oys for such single crystal turbine
bl ades. Paoh matatic wepkpiecss haxinga §1Q&){%F€§}’S‘l§‘é§érw@ﬁea?§e@&@tﬂy 15
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restored. Since the manufacture, of co t%&t&e%r r,ké)i eces in conplex single

crystal GroGRANArosbatRl insthesingle sy €C%he endeavours to restore
damaged surfaces by suitable repair nethods. 09NOV 2005

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. So-
called "super-alloys”, e.g. on a nickel (Ni) or on a cobalt (Co) or on an iron
(Fe) base have proved themselves as alloys for such single crystal turbine
blades. Particularly super-alloys on a nickel base such as CMSX-2 or

15 CMSX-4 show exceptional mechanical, chemical and thermal properties

even at high temperatures only a little below their melting point.

In spite of the previously described high durability 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, €.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.



3 In this connection, the restoration (reconditioning), that is the repair
of the surfaces, has to take place by the rebuilding of single crystal
I'ayers or by supplenenting single crystal areas. That is, the gmﬂanﬁPs
structure is built wup again on the substrate, e.g. on a single crysta
.turbine blade, layer for 5 layer in a single crystal manner in the danmaged
areas (preferably using the sanme material the substrate is made of). In
this connection, the crystalline strucdure of the substrate nust be
continued without grain boundaries where possible. Such nethods are
described by the term "single crystal welding”" within the context of this
application. 10 A nethod of single crystal welding is knowmn fromEP 0 861
927 Al with which it, is possible to pbuild up one or, nore.layers, aqr. a body
or a worlRpihde £opnagtiong itﬁﬁlrgsﬁqrfé{% r§FPG@’ctEFPHPg3ynﬂ}94elss‘i PUF 3?2{‘5?
structur subs ' ' I &axq L.-£.+d he
crystalIﬁ%nggﬁét'f%%t?gg%Pﬂgﬁibgﬁggﬁggkﬁdiggg@é%?g%ﬂ%9£¥%288§§§fﬁi lch is
bei ng buiddpplemeiting sifkgleairgbtal, arepist Tkt iQrthepotigiial stguemitre ig built
understood as crystal growh in one direction, in particular on a single
crystal bBig@gain en the aubstneder eige On asinglpsanstaldnrbine dladel lwygrder be used

'S poss HpRthif e fRtal HETRe LBl BebRidar BRe & n et By e iR 0
concent r atRAsARBNALtRaPthe ShBs&ERe lis Hidde of) 14 hAiSBbAREEBAMKEN EP 0 861

927 Al, a beam of high energy and of high energy density is directed in a
concent r attydtattimesstruoture ohthessubstrateimy stebe wosttiraned swithout graim surf ace

| ayer of the suhstrate -star. t | t little, The required material for
the r ecorﬁqq%‘iWSﬁ_@?ertehBO%%@%ﬁ%‘ggn?%t &Iiee@e?‘{ﬁ?‘?é%%ﬁiﬁ H§™@rea of the
conecent r alge10639tdl WlRling” within the context of this application.
10 ‘
A method of single crystal welding is known from EP 0 861 927 Al with

which it is possible to build up one or more layers, or a body or a

)

workpiece with a single crystal structure, on the single crystal structure of
a substrate. This method is an epitaxial method, i.e. the crystalline

15 structure of the substrate is adopted by the layer which is being built up
on it. Generally, epitaxy, or epitaxial gfowth, is understood as crystal
growth in one direction, in particular on a single crystal base, i.e. on a
substrate. Laser beams can for example also be used as energy sources or
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



formof a wire or in the formof powder and is |ikew se nelted bydzgﬁ beam
of energy. Wth the known nethod of single crystal welding, a sit 8% W an
be achieved by a suitable selection of the process paraneters in which 0 9
NOV 2005 4 the nmelted material solidifies directionally, starting froma
.surface of the substrate, and grows on the surface of the substrate as an
epi taxial layer. This known nethod, which has successfully proven itself in
principle in 5 practice to date, is, however, still capable of inprovenent
in one point. In the known nmethod, the process of single crystal growh
nanely takes place such that the nelted material directionally solidifies
fromall adjoining areas (i.e. adjoining the nelted region). This neans

that different pitaxi.al growth areas c arji se i ch can _he oriented at a
cortain dhgeksdapiendbaditities Sretinsiie S ertnblstmaadrenof tBe

adj oi nin 0 h a&ﬁi f t / 1 D k of
this appI%iug)raS'? Ila%tr? ; fag&icﬁrof éjgg)%lowt %Eaggrﬁgéag‘ﬁnﬁf?’?%%agﬂ Egﬁgﬁaﬂﬂ'ﬁ%%e term
"uni-axial growh" is wused in an anal ogous manner. These differently
oriented growth regions _can,then neet at one or nore jnterfaces, with grain
boundar i d1i kapwrRitAgthod, aphich HasorircessEHBHProNat ftasHsn RIBRIRIEANN

boundari st sedsn BUSRTed
o ons. aRSPHEF eRaIeFole noydr {Fte star PyPable t hABlo BRET A BB Bl PO

st epped ih@llhﬁﬁﬁﬁ,metho@,fﬂmlgﬁo@&ss%f sieptessinabgidwth e ashely tikesyst al
substrate. Problens of the i nd descri bed above can al so occur on the

appl i ‘cat idace®Suchr mtdheameliedr mageriad direstionadlyesdidifealfregmaiirate. In
DL o ke RSl L HERT B A e e WY s Pl GrRebA® ©
appr oxi MglRlakiff gfdvetiafds BAntdigsd a4BEN RGN be bbiented at a certain angle
10 with respect to one another in accordance with the adjoining areas of the
surface of the substrate. Within the framework of this application, such a
growth is termed a "multi-axial growth". The term "uni-axial growth" is
used in an analogous manner. These differently oriented growth regions
can then meet at one or more interfaces, with grain boundaries then being
15 able to form at said interfaces. Such grain boundaries between grthh
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).
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ly Taid track). 0 9 NOV 2005 5 It is therefore the object of the

n to propose an inproved nmethod of single crystal welding on single

surfaces with which the producbion of grain boundaries is

d, with the exception of small-angle grain boundaries, in the newy

single crystal regions. 5 The nethod which satisfies this object

ce with the invention is characterised by the features of
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characterised by the features of independent claim 1. The respective
dependent claims relate to especially advantageous embodiments of the

method in accordance with the invention.

A method 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 an energy beam. The method of
single crystal welding includes the supply of a coating material, the
formation of a melt by melting the coating material by means of the energy
beam and the melting of a surface layer of the single crystal substrate by
the energy beam. The characteristic of the energy distribution in the
energy beam is set in this connection such that the lateral heat flow from

the melt into the single crystal substrate is minimised.

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,
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



the nelt into the single crystal substrate is mnimsed. 20 The nethod in
accordance with the invention is preferably used for single crys038INOXe)(f§ ng
for the restoration of the surface of a single crystal substrate whose
surface has been damaged or worn in the form of stepped shoul ders, 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 tlgée workpi ece has again been reached,
wi th the occurrence of grain boundaries being prevented, with the exception
of small-angle grain boundaries, in the 0 9 NOV 1005 6 restored regions by
the use of the nmethod of single crystal welding in accordance with the

invention. In the methpd in accopdance with the invention n energy beam
e.g. a B&°F9LE 1'88}9{}%83’& ee‘F%ecPf'gﬁe %FHOdi @ﬂ@%?@@tﬁﬁwlaﬁkg Yhrface of

t he subs[;a[:@(tnedﬁqk?e g}f{kgg?e%@énﬁigﬁ. surface in a pre-settable direction such
that a surface layer o

the substrate starts to nelt. In the follow ng, the

region in which the energy beamdirectly unfolds its effect will be terned
t he worKki ng region, ,Coati n(g material, e.g. in the formof powder or in the
form 10 b thedpethed inRosaadaRee feHthe dn¥entirnean eneney WAy fg8r2gi on by a

suppl | G ( n | ' | ] d. The supply
devi cé/e g?%éfrer%%ﬁy&a%‘ﬁgévl\géﬂt?ﬁrelcg%% gsg%? ééf(?afllt?(ghggs%%% pggﬁ ?o t he worki ng
region isobteateeindigued edronst she tstatadesin A prengdteablé dEBoE6n Sheh eRAt i ng of
the supplied coating material can here take place either in the |iquid pool

of 15 t he swifaed layer efcthe aybstrste istartsiosmelt: éndhedotloxdngothe Hegigay to t he
in which the energy beam directly unfolds its effect will be termed the

j working region. Coating material, e.g. in the form of powder or in the form
10 of a wire or in another form, is supplied to the working region by a supply
device such that the coating material is likewise melted. The supply device
preferably allows the coating material to be supplied to the working region
in pre-settable amounts, that is in a metered manner. The melting of the
supplied coating material can here take place either in the liquid pool of
15 the melted surface layer of the substrate or already on the way to the
working region or simultaneously with the melting of the surface. In a
preferred embodiment of the method in accordance with the invention, the
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



wor ki ng region or sinultaneously with the nelting of the surface. haﬂﬁ 0
preferred enbodi nent of the nethod in accordance with the inventi oh; HJ“S
Characteristic of the energy distribution in the energy beamis set such
that, for exanple, a pronounced energy maximumis present at the centre 20

. of the energy beamwhich is preferably directed to the region of the

working region to be nelted, so that the substrate and the coating materi al
can be nelted in this region. The energy distribution in the energy beam
then initially falls outside the energy maxinmumto a value which is no

| onger suitable to nelt the substrate and the coating material, 25 but which
can still heat the material adjacent to the nelt to just below the nelting

tenperature. It is thereby achieved that | at.eral tenperatur radi ent
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mare dferer2t_ en~.r, ~QZ~r~e:,Z parra~ea ~~~~p - characteristic 4r nzw 10
over | 'appiengrgf tearhped. ibyyowdrlapping afyswo erangye dhdividbal rags whithecaener gy
beam can aDso be set by ‘su~~b~r prs, . .
' originate from one or more different energy sources, it can have a lobe-like
} characteristic or any other suitable characteristic. In addition to the
10 overlapping of a plurality of individual rays, the characteristic of the
energy distribution in the energy beam can also be set by suitable devices,
e.g. optical, magnetic or other lens systems or in another manner by a

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.
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In practice, the enérgy beam is as a rule guided over the surface of the
substrate by means of a programmable regulation and/or control unit. In
10 this connection, the power of the energy source can additionally be
continuously adapted to the ongoing coating demands and the
characteristic of the energy distribution within the energy beam can also
be corrected and changed in an electronically programmable manner
during the single crystal welding.
15
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 s‘ubstrate 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
f the single crystal structures to be built up on the surface can thereby

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



substrate by neans of a programrabl e regulation and jor corral 2mfrD 10
thi s. connection, the power of the energy source can additfaa a~~g dd NOV 2005
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int CF%DEF%HXQV% ﬁ@&yepl]‘e hﬁ?@?@n‘f{%e §ula§trf=1 st mnimsed. Under
certain circunstances, however, it can be nore advantageous - to be able to
produce hi gher tenperature grad| ents - to work with nmuch | ower pre-

Although the method in accordance with the invention prevents the

occurrence of gram boundaries, the occurrence of small-angle grain
) boundaries can nevertheless not be fully excluded. It can thus be of
10 advantage to reduce internal inherent stresses and to eliminate small-
angle grain boundaries by stress relieving annealing of the substrate and
the newly built up single crystal layer in the temperature range from
700°C to 1250°C, preferably at approximately 1100°C, e.g. for the period
of half an hour, an hour, two hours or longer, and by a subsequent slow
15 cooling. High frequency devices, or other, for example conventional, heat
sources can for example be used as the heat source for the stress-relieving
annealing. In this connection, the specific treatment parameters such as
heating-up rate, temperature, duration of the stress-relieving annealing,
cooling down rate after the stress-relieving annealing, etc. depend, among
' 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 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:



heat tenperatures, i.e. at pre-heat tenperatures bel ow 750C and ewﬁg ﬁ% 0
conmpletely w thout any pre-heating of the substrate. Al though the N alﬁn
'accordance with the invention prevents the occurrence of grain boundaries,
the occurrence of small-angle grain boundaries can neverthel ess not be

. fully excluded. It can thus be of 10 advantage to reduce internal inherent
stresses and to elimnate small- angle grain boundaries by stress relieving
anneal ing of the substrate and the neMpy built up single crystal layer in
the tenperature range from 700C to 1250C, preferably at approxi mately
1100C, e.g. for the period of half an hour, an hour, two hours or |onger,
and by a subsequent slow 15 cooling. H gh frequency devices, or other, for
exanpl e conventional, heat sources can for exanple be used as the heat
source for the stress-relieving annealing In this connection, the specific

treatme pgranet e g%t,}q t of the

stress- pﬁ‘ gw ng a%ﬁne ﬁﬁgﬁﬁeggoﬁ[ ng 8’0wn' ent ??H?étgh%@})gg‘?%r% evi ng

anneal i ng, etc. depepgly devicg s2{l chésubshratgso o coaredraten abmg)the\/m ch the

substrate or the coat| ng material is built up. Stress-relieving annealing
il

for approxi mat el y Biéhpedn acgordapsgpeithtthednyentiop: and HREkHOFI50C with a
subs%quent sl ow cogl 'tﬁﬁ down has proved advant ageous, for exanple, for
CMBX24. 25 The i nvBit ﬂ "W ll be explained in nore detail in the foll ow ng
with reference to the drawing. To distinguish the prior art fromthe nethod
of single crystal welding in accordance with the invention, the reference
nuner al sFigefler ri ngrudti-asiadiyegerofrat ¢ cpy $tal gaowtlar% a:)suvfad:ecbﬁ/m isingledash.

There are shown i ncI%’S%aP SSB traté iR 'aceor é’jlrtléé) thh Nch/o& o(ﬁhe 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



S5 Fig. 1 an enbodinent for the arrangenment of the energy beam the g Imm
device and the substrate to be coated when using the nethod in accordance
with the invention and the knowmn nethod; Fig. 2 nmulti-axially generated
crystal gromh at a surface of a single crystal substrate in accordance
*with a method of the prior art; 10 Fig. 3 an exanple for uni-axial crystal
grow h generated in accordance with the nethod of the invention at a
surface of a single crystal substratellFig. 4 an exanple for the growth
kinetics in accordance with Fig. 2. 15 Fig. 1 schematically shows an exanpl e
for the arrangenent of the energy beam4, 4', of the supply device Z, Z

and of the substrate 3, 3' to be coated when using the nethod in accordance

with the I

ret or ence O ATE e uEBISBERANS ofF cReLER Rt EPELOER I HIARRE

f eat ur estiaé 1eREN Kirewhiohr QMK hﬁdppeﬂiencﬂthlaﬁltd fite Biflcoion™, YFig ordeshows a
single crystal substrate 3, 3 which has a surface damaged in the formof a

step. Thto gnecgayteb@amlgle arystellgresth freamthe meft 6,6 dnrthetepPesite the region
in the VICII’]I f ste Coatin 5, 5 is supplied to the
wor ki ng AE§C ?Of gﬁt‘«bfé’a% e?ﬂg}tgg}&ppl y device Z, Z'. The energy
beam«, 4' thus forms a rrelt 6, 6' on the surface, with the energy beam 4,
4' being able to be noved over the substrate 3, 3' in the direction Y, Y

al ong t h€igt2deatonstratjsist abdchespatd reyresentahiensabsuttatexidlly 3' can be

re-heated to a specific eat, tenperature th a er re gradient
pGR, CR Benstatss @yﬁlgaliﬁ*owt% orming a smgle cli'ysfalvgeglon Hgarrgd %'uat Pl

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 Tw' 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



additionally applied to the novenent of-rthe energy hearer |s~r~reQ@ S¥8¥200)
the lateral di ec 1 X, ' z,nrf ~r ~r ter ~r to generate a single crystal
growth Ircl | the Ilr 1L L~ Y direction to the tenperature gradi ent CSR,
OR 5 Fig. 2 denonstrates in a scrrerrraie ~2r 2r rzrr d nl f~f
. generated crystal growh fa 1111 1 a sin, " step-like structure on a single
crystal sS strate 3' auo 1 as !s z~ra; Tl generated wth single crystal
wel ding in accordance -wit-b- t. Mffii®6 10 known fromthe prior art. A
| aser beam 4', which has a suss~an ~'a=~ cst.zr energy distribution over a
cross-section AY', i dzecte onto. a surSy region on the substrate 3' which
substantially has the sane fr ez z7prrr -' 15 as the |l aser bream4'. The

, ace

ca&rrrgrrr zz=r Y, and ¢c- a.rf a- 1lhy t, and 72" of fhe bs'raie_ 3

ime to ?¢Rergy fromthemelt §' that qrg@i;agrgrmtﬁ lﬁcﬁentqliét%i)g! itﬁe,regwgl ﬁéser beam
‘rrVis ved' .in froswi i s d i | V¢ tl

v X ai Pn}FlF‘rauér;’%grtélc I?])S angﬁgﬁ%blliy%{% fr%égvrarltjadcl{éaér%éu? gf(}%%rgrtggefélr)?(gﬁ 8f é:of t he
ener gy dingdlne UrB@ ahalogid proessy tdl@splaCeait the swrfhespgyéat veengtadi ent T
results in the lateral directTon 'w- ith shows a largely 1~ a~1~Zctl|Z L

menpe azperallel to tha surface-71', with arfijrtixg heat removal Hof taliagaplacedganp- ti t
r; .2 azli, f ru F ~a<, ~ value bel ow t he | ti.ng tenmpe ure, 'L in a sur
e ;- §aid shrlptedaner 72 such Tt cavs iR s et AeBeRStEL il Bhe ar fses i
tree | at gegbn thrseidedtiiculdy oyt sgabangfer 19! 4RaRBEAGERANRLI BoFkEL o- T
arisest'Prt neun,, 1' rtern |? rrl? 7?26?11 ~r_ ZFc~c

- rate G2'. Due to the different directions of crystal growth, the two growth

~ o~~~

regions 11' and 12' then form one or more common grain boundaries XK'
) which ultimately result in a worsening of the mechanical, thermal or
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
mélting 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



0 9 NOV 2005 12 energy fromthe nelt 6" that crystal growth is gener%aﬁﬂ i@h\
the region 11' at a crystal growh rate G' in the |ateral direction f0
the border of the nelt 6'. The anal ogue process takes place at the surface
| ayer 72' not parallel to the surface 71', with a further heat renoval H2'
taking place via 5 said surface |ayer 72' such that crystal growth is al so
generated in the region 12' perpendicular to the surface |ayer 72" at
another crystal growth rate &'. Due {9 the different directions of crystal
growh, the two growth regions 11' and 12' then form one or nore comon
grain boundaries K which ultimately result in a worsening of the

mechani cal, thermal or 10 further properties of the surface |ayer in the
operation of the repaired workpiece. In Figs. 3 and 4, the nmethad of single

crystal @djaining the segionoMscetarnppratiyg preyaHs i wrdesthminfuence ofdhenat i ¢
tati Th b te. 15 and/of th t ter] f er abl

e ndeotabEnPA R BightraREe et BRfRE (e telR e 8580ET V7100, &

1914, CM;§8st ?839&1th%4:700£§1% arErial SNBY s deMerectiorlSVRE-Snerdyr - MOO2 or

ot her super alloys or other suitable materials. In the preferred enbodi nent

shown hebeant isaligned gndsetnsucle that ondy laatddn heendarnisydrdlgnd Faroef v
overlapping in a 20 -nelting region Mclose to the surface 2 of the

substY at hgsuyshateel iemeltethils theslateral Breditr rod HEnRMPHRARINERSIAS i st i ¢
the ol Hrngupetall ehlicdhus doi L Eo AR AT, Bk MORMBRE (T on T hen”
25 the ehorfy contont of an marviaal oner oy beam el or e ULt i mal ehy. {al i ng
insige the substrate 3, a region of substantqglly constant temperature Tsy is J
\ present, with the temperature Ts lying so closely below the melting
10 temperature Tm 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 methoed 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 boundaries. 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



to the energy value of zero in a region outside the energy beam
corresponding lateral tenperature profile T results in the nelt 6 QrgNlW 105
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 0 9 NOV
. 2005 13 adjoining the region M a tenperature prevails under the influence
of the energy beam 4 which is higher than the nelting tenperature Tm of the
substrate 3 and of the coating materialy 5. In this connection, the energy
beamis aligned and set such that only a thin boundary layer 71 and 72 of 5
the substrate 3 is nelted. In the lateral direction X, the tenperature
inside the substrate then first falls to a constant value TS bel ow t he
melting tenperature so that, in the lateral direction adjoining the nelt 6
and i nsrepsir o sadisineparts, whicrteg‘romsoﬂ mmwa;rm whiigh ¢hasiparatiomaer at ur e
Tg is present.. wth the te sel el ow t he Iting 10
t enper at Uﬁ@%’rﬁx Hgfzoglﬂfgéﬁn &}‘Lliﬁ g|hsﬂ}ﬁr¥? mﬁc %%ézlaitsé?%s i ? ction

bet ween h le&d ning it to the extent

t hat crys?aF grom?ﬂﬂﬁ%CEf§8?#2§%P§%%r§%resseéh¥ﬁa§%§hlateral direction. In
contrast, a correspondingly high tenperature gradient is set between the
nelt 6 (at the surface layer 72 not parallel to the surface 71) and the 15
adj oining substrate 3, e.g. by cooling the substrate, such that a heat
outflow H2 into the substrate arises. Utimtely, a crystal growh is

t her eby generated perpendicularly to the surface layer 72 with a crystal
growh rate G 20 By the use of the nethod of single crystal welding in

accordance with the invention, the creation of a plurality of crystal
grow h areas 11' and 11' of

|



different orientations---, such as necessarily occur in the method tgﬁ@@ 0
fromthe prior art, is suppressed and thus the formation of grain b J és
K' is prevented, with the exception of small-angle grain 25 boundaries. The
qual ity of workpi eces whose surfaces are reconditioned by the nmethod in
accordance with the invention is therddy substantially inproved in

conpari son with workpi eces treated in accordance with nethods known from
the prior art. The use of the method in accordance wth the invention
representéﬁhLﬂEbnificant advance in particular for the 0 9 NO V 2005 714
repair of machine parts which are used in areas in which the operationa
rellablllty of conponents wi Th nhgrli hlL-r-nra Diu liiCcriit' i s t ~s
dcci si vt 2005 15

d ai msI 1. t‘LﬁdHEg’IOdsPEGF%g ?%&S%l ‘ME]Icﬁngtbf 5ﬁetm9dHFHHHc?§06r§“6Ng\éa Si ngl e
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ﬁééﬁéaﬁf fg enéreyabeflol ) W bitRb 3) ﬁﬁ”"”ﬁ?wa@%@oﬂﬁshafq& r) . ’
5 5
(5 Tor okl AR 0o it er 1 (5 By
the single crystal substrate (3) by the energy beam (4); characterised in
that the characteristic (8) of the energy distribution

- the supply of a coating material (5);

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

(5) 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);

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

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 crystal region (1) on the substrate (3) is substantially only

generated in a pre-settable direction (W)).

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).

4. A method in accordance with any one of the preceding claims, in

which at least two energy beams (4) are used.



in the energy beam (4) is set such that the lateral thernmal flow@-ﬁ@%@
the nelt (6) into the single crystal substrate (3) is mnimsed hod
in accordance with claim1, wherein a growth of the single crystal region
(1) on the substrate (3) is substantially only generated in a pre-settable
direction (W). 3. A nethod in accorddice with claim1 or claim2, in which
at least one laser beamis used as the energy beam (4). 4. A nmethod in
accordance with any one of the preceding clainms, in which at |east two
energy beans (4heamethedof dagndbwhermnthesit least (we esergy bermsnate, wherei n
t he at | east t beans are |aser beans. 6. A nethod in accordance
with any one of& Qq{g"@%%edl ng clains, wherein the single crystal region (1)
i s produced al ong a stepped shoul der or a groove or a depression at or in
the surface (2) of the single crystal substrate (3). 7. A method in

?Ecgﬁ g?ﬂéﬁg ' I BEREE L aCATARREE SR Sarty SRS of e ARSEANE GIRIRS, oy g.h ﬁz)
of claime whabet {he é#@g%g%&g?aén{?@@ﬁ AP PREGeE ARER stenpEl, T e
manuf acture_of shBﬁ Fret ﬁ (‘g%ﬁ%adr Bf’é%ts{cf(% at E)P inAhfg gl?ﬁﬂzlev@)ac?f: dance

with claim?7, in |cht ace nrn

met hod in accorsﬁgglgq:r%ttalp sﬁBE’terée(ﬁf t he precedl ng clains, in

7. A method in accordance with any one of the preceding claims, in

which the substrate (3) is pre-heated to a pre-heat temperature.

8.  The method of claim 7, wherein the pre-heat temperature is in the
range from 800°C to 1000°C.

9.  The method of claim 8, wherein the pre-heat temperature is kept

constant during the manufacture of the single crystal region (1).

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

takes place inductively.

11. 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 super alloy.

12. The method of claim 11, wherein the metallic super alloy is on a

cobalt base or on an iron base or on a nickel base.



whi ch the substrate (3) and/or the coating material (5) includes a netallic
super alloy. 12. The method of claim 11, wherein the netallic supdr OV ¢5is
on a cobalt base or on an iron base or on a nickel base. 09NOV 1005 17 13.
The met hod of claim 12, wherein the netallic super alloy is IN 738LC, IN
939, IN 100, B 1914, CM 99, SRR 99, CW/247 LC, CMSX-2, CMBSX-3, CMSX-4,
CVBX- 6, Mar-M)02 or other super alloys. 14. A nethod in accordance with any
one of the preceding clains, in which the %oduced,si ngl e crystal region

(1) is anddal edha mashodsef edaimafkkrwheeeisi thel mefallia supeeiadioygls I¥. The

met hod of cl ai , r el e o] Si cr regi o 1) is
anneal ed at aI Wéﬁ&mr§§nmhb8éa%isiﬂ, IE%JO@{ §ﬂ%c€ﬁgl§‘&rm,n{9t hod of
| ai m 14, wh i ' i [ | ed at
empor at U6 of GHSHE2 MRS MEKeeEHTBR-6c MAuRRRY b oinghgidrre of -
claims 1 to 163#) suppl ement a single crystal surface structure (3). 18.
The use of cl ai®m®?; wherein the si ngl e crystal surface structure is a worn

single crystal turbine blade. 19. The use of claim 18, wherein the worn
single crystal turbine blade is a rotor blade of a gas turbine or of an

aer opl ane 1gngi N 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.

15. The method of claim 14, wherein the produced single crystal
region (1) is annealed at a temperature in the range of 1000°C to
1250°C.

16. The method of claim 14, wherein the produced single crystal

region (1) is annealed at a temperature of 1150°C.

17. Use of a method in accordance with any one of claims 1 to 16 to

supplement a single crystal surface structure (3).

18. The use of claim 17, wherein the single crystal surface structure is

a worn single crystal turbine blade.

19. The use of claim 18, wherein the worn single crystal turbine blade

is a rotor blade of a gas turbine or of an aeroplane engine.



