
0 9 NOV 2005 1 5 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 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. 0 9 N O V 2005 2 Such metallic workpieces having a single crystal
structure are preferably  



used as machine components which are exposed to high temperatures  and
severe mechanical or chemical stresses over longer periods of time.  For
instance, as a rule the melting temperature of the single crystal 5
structures can, for example, be substantially increased with respect to the
melting temperature of a corresponding polycrystalline workpiece
manufactured of the same material. The melting point is moreover defined
much more 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. 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, 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. 09NOV 2005 



3 In this connection, the restoration (reconditioning), that is the repair
of the  surfaces, has to take place by the rebuilding of single crystal
layers or by  supplementing single crystal areas. That is, the original
structure is built  up again on the substrate, e.g. on a single crystal
turbine blade, layer for 5 layer in a single crystal manner in the damaged
areas (preferably using  the same material the substrate is made of). In
this connection, the  crystalline structure of the substrate must be
continued without grain  boundaries where possible. Such methods are
described by the term  "single crystal welding" 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 growth, 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 0 9
NOV 2005 4 the melted material solidifies directionally, starting from a
surface of the  substrate, and grows on the surface of the substrate as an
epitaxial layer. This known method, which has successfully proven itself in
principle in 5 practice to date, is, however, still capable of improvement
in one point. In  the known method, the process of single crystal growth
namely takes  place such that the melted material directionally solidifies
from all  adjoining areas (i.e. adjoining the melted region). This means
that different  epitaxial growth areas can arise which can be oriented 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 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). 0 9 NOV 2005 5 It is therefore the object of the
invention to propose an improved method of  single crystal welding on single
crystal surfaces with which the production  of grain boundaries is
prevented, with the exception of small-angle grain  boundaries, in the newly
produced single crystal regions. 5 The method which satisfies this object in
accordance with the invention is  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. 10
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 15
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. 20 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 0 9 NOV 1005 6 restored regions by
the use of the method of single crystal welding in  accordance with the
invention. In the method in accordance with the invention, an energy beam,
e.g. a  5 laser beam or an electron beam, is directed onto the surface of
the substrate and guided over the surface in a pre-settable direction such
that  a surface layer of the substrate starts to melt. In the following, the
region  in which the energy beam directly unfolds its effect will be termed
the  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 but 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 7
perpendicular to the lateral direction and to r2ze ~c ~ ~ ulda eed  the
energy beam. The must still be mentioned that the ccaractei6s5c r5Thr-
mirgyy uYzMa-- ,ee&rLL  which can be set 2n the energy bed= eal? alsd:navea
&-35PYnDY -aMTA7 )I,  5 that descv fed qP d1t7? b q', Q z- #Af maximum can
also lie at tn-e lut i u trL t vrVTXv ~u2^a' i~, Z-. energy beam, e.g. by
overlapping of two or amore 1r1t~1v~~ua~ rays W-3& i  originate from one cc
mare dferer2t_ en~.r, ~QZ~r~e:,Z parra~ea ~~~~p  characteristic 4r nzwj 10
overlapping of a plurality vL Cl l lays, energy distribution in the energy
beam can aDso be set by su~~b~r bDps,  



e.g. optical, magnetic orot er 2en ast~.t ~~ a & r ~ ?ya  change in it PxU
~+.P-; . 15 Within the context of this app1icat2on, 22e )ater &ree lore )s
,,2:jw ys 2r  direction which stands gergendcr t~~t~Qrz ~~ Q~~1  the energy
beam c.. i S,yn"W P--Ji f--s 3t f f ~ T NSF A beam is moved, 20 'In addition
to the use of the gre~ra ~2 rrz tz~~e~ ~r~er ~ ire . , ~~%'  processes S',
cb as. nict -'C(G-T Qt earth ~1 4} ?5 ,_fi"Q 4s ~ r-~ rr.1.~.~ h~ g m p 7,~
r r Yl pr~4 v1 ~'lr'1 [ vTY11 +TPI i~` } Y~j 1~~ 1 i 1 the men oy~ V or file
Su~i~iiy vi ~Ll ll~y zJl 11li U~L> TYV iLil YY illliii iL i~~v~~av~v ,v ~ ..
a pre-settable energy distrlbu tton )n the energy beam. Depe-vB1ag D-V for
demands or on the kind ofenerrT sQZZree z2.~ed 1~a,~er b~azz2. ~ ~~~ 25
beams, arc ny~4C?SSPS nr nfi~PS th rS~% S_~aia'-S '~_SS sS'3~i'`i~ ~+
:A::s~r'~~  inert gas or in vacuDm in a srritaV1e urt t zi L rri krr, -wiiii
`PL "aiS^v ^u~' i  conceivable to carry out the method under en~rranmezzta~
atrrzo.~r>12&  that is without the use of a. secS~ p. mss ch ter. 2INt MKI
25 In the method in accordance with the i er_-t,ar,_, th,P sLrizJ c r. stal
structure is built up in the form of thin strips, Sayers, plates t vyvr ill
more complex forms, with a r6irality of the ti, Tn_ str_r s , LWerg., glaCes
or  even of the more complex forms being app3 of a65rfrning Lh-t Ll aLt 5
successively in parallel, directly next to one arratherurarr eag 62-crre an
other, whereby the original shape ti Lh-t -'W. '.& c,,fevu. In practice, the
energy, bt.,- u- m is 'as h-rejr gui &c! anus k~.P' -i a- fz!Z f EP  



substrate by means of a programmable regulation and jor corral 2m frD 10
this connection, the power of the energy source can additfaa a~~g de
continuously adapted to the ongoing coatl2ng,6ernanbs anb ~~&
characteristic of the energy distribution within the eaergv beam can a?so
be corrected and charged in are ES L}~~Ur~s, ~y p~; - r'1J~ r&nrn  during
the single crystal welding. 15 It is not necessary to go into the problems
and the trz'hereni sans zk  epitaxial crystal growth, the occurrence of
dendrites, ead associated therewith fe.g. j'v ~lagra ;, a ~1sp~~r , s zr
2vrp vt'  been known to one skilled in the art Refewaace is made in this
respect Cc  20 -EP 0 861.927 Al and the literature cited there. To avoid or
reduce internal stresses in the substrate a~ nom; ~r inn tip ans Vjri
single crystal layers or between the SdOLV ra&e v'2' theap~3f a l crystal
layers, the substrate can be btu. ta a_ c .re-he-at  25 temperature,
preferably inductively or in another manner, r-vh,th ri  preferably lie
between 750 C and L LQC1C degcadr.'ngam the materrar of  which the substrate
or the coating material is n'jar e. he lea la-gl^oWu  of the single crystal
structures to be burtt ug an Cite surface cart 62rerebg  be additionally
promoted in that, 5w xarr~r e, ~ ~~3~~ rs~a1 ~ 2maLI/?T 0 9 NOV 2005 9 creep
in the crystalline structure is prevented or at least minimised. Under
certain circumstances, however, it can be more advantageous - to be able  to
produce higher temperature gradients - to work with much lower pre- 



heat temperatures, i.e. at pre-heat temperatures below 750C and even 5
completely without any pre-heating of the substrate. Although the method in
accordance with the invention prevents the  occurrence of grain 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  700C to 1250C, preferably at approximately
1100C, 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 1150C 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: 0 9 NOV 2005 10 



5 Fig. 1 an embodiment for the arrangement of the energy beam, the  supply
device and the substrate to be coated when using the  method in accordance
with the invention and the known  method; 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 



additionally applied to the movement of-rthe energy hearer ls~r~reQ`~c~~~cj
the lateral di ec 1 X, ' z,n rf ~ r ~r ter ~ r to generate a single crystal
growth lrcl l the llr 1L L~ Y  direction to the temperature gradient CSR,
OR. 5 Fig. 2 demonstrates in a scrrerrra ie ~2 r 2 r rzrr d nl f~ f
generated crystal growth fa 1111 1 a sin,`" step-like structure on a single
crystal sS' strate 3' auo 1 as !s z~ ra;T1  generated with single crystal
welding in accordance -wit-b- t. MeffiID6  10 known from the prior art. A
laser beam 4', which has a suss~an ~'a=~ cst.zr energy distribution over a
cross-section AY', i dzecte onto. a surS y  region on the substrate 3' which
substantially has the same fr ez z7prrr -'  15 as the laser bream 4'. The
ca&trrrgrrr zz~r Y, and c- a rf a- 1by t, and 72' of the s bs'raie 3', ace
1me to ? n~ ~ ~ r r rr zi t the region AX'. For the coating, the laser beam
'rrV ism moved' in accordancef with Fig, 1: JLrr  20 `direction V ' er tl
v`X aiP r runder constant supply of new rectangular characteristic 8' of the
energy distnb,ut5a l 1n the laser fa ~s Pro. 4', a temperature gradient T'
results in the 1atera1 directTon 'w~ ith shows a largely 1~.a~1~ZctllZ L
menpe aZUl~ `4 ~ Cztftlf &-T _11 itmg7 25 the melt 6' of the coating mp-tit
r ; .' azli, f ruQ_ F ~a< ~  value below the melting temperature 'L in a sur
ae ; r~ J 1` rTy  substrate such that a large temperature gradient arises in
tree lateral  direction X which is so large that a correspancifng7late-r
arisest'Prt neun,, 1' rte rn I? rr1?~.~~ ? _ ?G~?II~r_ ZFc~c 



0 9 NOV 2005 12 energy from the melt 6' that crystal growth is generated in
the region 11' at a crystal growth rate Gj' in the lateral direction X' from
the border of the  melt 6'. The analogue process takes place at the surface
layer 72' not  parallel to the surface 71', with a further heat removal H2'
taking place via 5 said surface layer 72' such that crystal growth is also
generated in the  region 12' perpendicular to the surface layer 72' at
another crystal growth  rate G2'. Due to the different directions of crystal
growth, the two growth  regions 11' and 12' then form one or more common
grain boundaries K'  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  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 0 9 NOV
2005 13 adjoining the region M, a temperature prevails under the influence
of the  energy beam 4 which is higher than the melting temperature Tm of the
substrate 3 and of the coating material 5. In this connection, the energy
beam is aligned and set such that only a thin boundary layer 71 and 72 of 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
Tg is present, with the temperature T. lying so closely below the melting 10
temperature Tm that a heat flow H1 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 H2 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 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 0 9 NO V 2005 714
repair of machine parts which are used in areas in which the operational
reliability of components wiTh nhgr1ih1L-r-mra Diu 1iiC criit' i s ' t ~s
dccisivt st n ~P vj.r. a.c in a&o r] nP r r~, ~a~rtir n _ 1 0 9 NOV 2005 15
Claims 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)  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) 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 (H1)  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 (WI). 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. 0 9 NOV 2005 16 5. The method of claim 4, wherein
the at least two energy beams are  laser beams. 6. 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). 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 800C to 1000C. 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. 09NOV 1005 17 13.
The method of claim 12, wherein the metallic super alloy is 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. 14. 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. 15. The
method of claim 14, wherein the produced single crystal  region (1) is
annealed at a temperature in the range of 1000C to  1250C. 16. The method of
claim 14, wherein the produced single crystal  region (1) is annealed at a
temperature of 1150C. 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. 


