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Abstract: H igh pressur e turbine ( HPT ) par ts like blades and vanes with integ rated cooling channels are chal�

leng ing concerning overhaul and repair. So far damaged part s have to be r eplaced by the operato r. The a im is to

design and implement a refurbishment pro cess chain to avoid scrapping of used parts. This pr ocess chain im�

plies t hr ee differ ent laser applications 1. Direct Laser Forming ( DLF ) , 2. L aser Meta l Deposition ( LMD) and

3. Laser D rilling ( LD) . The laser pr ocessing w as ex tended in the last year s tow ards application near materia ls

like N ickel and T itanium base alloy s. Concerning LM D and DLF the achiev ed results are investig ated r egarding

macro and micro str ucture, hardness, defects ( e. g . cracks, bonding defects, po ro sity ) and contamination w ith

atmospher ic element s ( e. g . O , N , C and H ) ar e presented for T itanium alloy s like T i�6A l�4V, T i�6246 and T i�

17 as w ell as fo r Nickel base allo ys like Inconel 718 and Rene 80. Suitable pr ocess parameters are presented

wit h the achieved static ( tensile) and dynamic mechanical proper ties ( HCF ) and compared to those of heat

treated raw materials. One innovat ive so lution ( manufacturing case ) is to fabricate the small and complex

shaped geometr ical elements by LMD and/ or DLF. By LMD these elements are built�up directly. Wit h DLF the

elements ar e manufactured separately in the DLF machine and connected by a subsequent joining technique w ith

the larg e parts. W ith DLF small complex shaped parts like combustor sw ir lers, HPT blades and vanes wit h in�

ternal co oling channels ar e manufactur ed completely . LMD and DLF can be used in combination w ith subse�

quent LD. Depending on the applicat ion tw o differ ent dr illing techniques by dominant melt ejection�percussion

dr illing and tr epanning�ar e classif ied and characterised. The dr illing techniques are exemplar ily present ed for

sta inless steel and nickel base alloy s ( diameter 0� 2~ 0� 6 mm, aspect ratio< 30, inclination up to 60�) using

pulsed laser r adiation ( Nd: YAG, 1064 nm, 0� 5~ 1 ms) . The experimental r esults of co ax ial pr ocess contro l,

met allog raphy and optical micro scopy regarding ho le depth and ho le diameter as w ell as the thickness of recast

are presented.
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Introduction

Expensiv e turbine par ts like HPT ( H igh

Pressur e Turine) blades or v anes are replaced by

new parts in case of damage. For example the

burn through of the inner side of a blade or v ane

( F igure 1) is a frequent ly appear ing damage,

w hich cannot be repaired w ith common tech�

niques. Due to the high costs for new parts, a re�
condit ioning chain is developed by combining

new r epair techniques like Direct Laser Forming

( DLF ) and w ell known techniques like Laser

Metal Depo sit ion ( LMD ) and Laser Drilling

( LD) .

The recondit ioning chain is implemented

w ithin five steps ( F igure 2) . Step  : T he dam�
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F ig� 1 � Burn through par t ( left) and new par t ( r ight)

aged parts are ident ified and prepared by remo�
v ing the damaged vo lumes. Step !: A f it t ing

patch w ith integrated cooling channels is g enera�
t ively manufactur ed by DLF based on CAD data

acquired by dig it izing and rever se eng ineer ing.

Step ∀: T he gener ated patch is joined into the

remaining part of the blade or vane by LMD.

Step #: The f ixed part is coated by a TBC

( Thermal Barrier Coating ) . Step ∃: T he non

open cooling channels ar e opened and in case of

necessity r eshaped by LD. Also the cooling chan�
nels damaged o r dest ro yed in the jo int zone

patch� substr ate by the LMD joining pro cess

w ithin Step ∀ are rew orked or inserted by LD.

The order of step # and ∃ is changeable depen�
ding on the requirements on the fan. A precise

fo rmed fan can only be achieved by ablat ing the

surface after coat ing.

Fig� 2� F ive step reconditioning chain

The three main laser techniques, DLF, LMD

and LD, fo r implement ing the recondit ioning

chain are presented and discussed.

DLF

DLF ( Figure 3) is a new additive manufac�
turing techno logy . M etal parts are built�up out of

a pow der material layer by layer.

In comparison to other addit ive metal

pro cesses( e. g. select ive laser sintering) tw o ma�

F ig� 3� Basic pr inciple of t he DLF- process

jo r dif fer ences are po inted out . On the one hand,

the material is a sing le component metal pow der

like stainless steel X2CrNiM o17 13 2, too l steel

X38CrM oV 5 1, T itanium TiAl6V4 or Inconel

718. On the other hand, the phy sical process is a

complete melt ing of the powder layer w ith a

metallurg ical bonding betw een the layers y ield�
ing densit ies of approx . 100% in one step. Due to

the high density, DLF parts exhibit mechanical

propert ies w hich ar e in the range of the mater ials

specificat ions. T hese char acterist ics enlarge the

field o f applicat ion fo r this technolo gy from Rap�
id Pr ototyping to the Rapid M anufacturing of

funct ional parts and ser ial tools.

LMD

LMD ( here used as a joining pr ocess) has

specific advantag es compared to other w elding o r

cladding processes % .

The main advantage of LMD is the low and

very localized heat input. Fo r this reason, LMD

w il l present some improved characterist ics com�
pared to the ones obtained w ith o ther w elding o r

cladding processes. These improved char acteris�
tics are:

- Low distort ion

- Reduction of r esidual thermal st resses

and therefor e mechanical propert ies are less af�
fected than in the other repair processes

- Small heat af fected zone ( HAZ & )

- Low degree of poro sity

- No bonding defects, cracking and ox ida�
tion ∋
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T IG, MIG, PT AW, EBW , MPW.

H eat Affected Zone.

M PW and EBW present similar characteris ti cs as laser

cladding concerning porosity, cracking, ox idat ion or the automati�
s at ion of the process .
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LMD parameters ar e adapted to obtain dif�
ferent g eometries of the layers generated. An on�
l ine process control o f these process parameters

allow s vary ing the geometr y of the clad during

the repair process. The layer g eometry is g enera�
ted w ith high accuracy % . T his, and the fact that

the LMD process is stable, allows the gener at ion

of complex geometries w ith a high deg ree o f g eo�
metrical accuracy.

LD

Coaxial Process Control: In order to avo id

back w al l layer by layer. M elt Laser Beam Scan

Powder damages by LD, the time of br eak

through is invest igated for percussion dr illing by

Coax ial Process Contro l ( CPC) . The numbers of

pulses from the first pulse until break through

during per cussion drilling are to be detected. The

ho le diameter is compared to the pat tern o f the

pictures.

Trepanning: To further improve the cooling

ef f iciency of combined cycle power plants the

aim is to increase the combustor out let tempera�
ture up to 1 520 ) in combinat ion with a simul�
taneous reduct ion of the cooling f luid mass

flow
[ 1�2]

. Both the improvements can be realized

by an effusion cooling o f the thermally highly

loaded turbine components. T he ho les w ith a di�
ameter of 0. 2 mm are drilled by laser radiat ion at

maximum densit ies of 100 ho les per cm
2
. A n in�

clinat ion ang le of 60� leads to an ef fectiv e hole

leng th of up to 5 mm[ 3] .

To apply an eff icient cooling f ilm on the

thermally highly loaded sur face dif ferent meth�
ods ar e known for a three�dimensional shaping of

the hole out let w ith laser radiation:

- Structuring of the sur face by pulsed laser

radiation using scanning or mask project ion in a

tw o step process layout. In the f irst step a

through hole is t repanned and in the second step

a fan shape is str uctured into the thermal barrier

coat ing [ 4�6] .

- Laser percussion dr illing of blind holes to

fo rm a cavity in a surface w hich is follow ed by

drilling a thr ough hole in the subst rate[ 7] .

- Dr il ling of three�dimensional aerodynamic

ho les in a one step pro cessing by a simultaneous

five�ax is tr epanning movement of the laser

beam[ 8, 9] .

For the f ive�ax is t repanning f irst a through

ho le is percussion drilled w ith a f ixed laser

beam. A fter this the laser beam is guided along a

geometric shape ( in this case an out let fan con�
to ur fo r the cooling f luid) on the top side of the

plate and at the same t ime along a different g eo�
metric contour ( e. g. ellipse) at the bot tom side.

This allow s the format ion of a smoo th pro file

t ransit ion w ithin the drilled hole at a high repro�
ducibility. T he dr il ling process is suppor ted by a

coax ial process g as jet in o rder to eject mo lten

material. T he geometr y for the five�ax is move�
ment is designed w ith a CAD/ CAM sof tw are

tool including a po st processo r, gener at ing the

CN C ( computerized numerical contro l ) t racks

fo r the posit ioning stage. The sof tw ar e interface

pro vides a high f lexibility in generat ing variable

geometric hole shapes.

1 � Experimental set�up

DLF

The presented invest igat ions have been car�
ried out w ith a T rumaform LF ( Figure 4) .

Fig� 4 � T rumaform LF

The T rumaform LF uses a Disk Laser with

a maximum output pow er o f 250 W. The laser

beam is focused on the build plat form w ith a fo�
cus diameter of 0� 2 mm. The building platform

has a diameter of 250 mm. T he plat fo rm can be

preheated up to 500 ) in order to reduce ther�
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mal st resses of the part during the build�up
process. In order to avo id oxidat ion the pro cess

chamber is f looded w ith inert g as during the

build�up process.

LMD

Tw o devices are used to avo id contamina�
t ions of the parts generated by atmospheric ele�
ments like oxygen, nit rog en, hydro gen and car�
bon: A cooling device and a gas shielding device

( Figure 5) .

F ig� 5� Exper imental set�up fo r LMD

The outer g as shielding nozzle is an empty

cy linder at tached to the nozzle. The cy linder cov�
ers the parts gener ated during LMD to create an

inert gas show er around them. T hanks to this

show er of shielding gas surrounding the parts,

ox idation is m inimized.

LD

CPC:Metal sheets ( X5CrNi18�10, 2� 0~ 8� 0
mm) are drilled by laser r adiat ion pro vided by a

lamp pumped Nd: YAG laser (�= 1 064 nm, M
2

< 25, fo cal length f = 150 mm, fo cal diameter d0

= 0� 4 mm, pulse durat ion 0� 5 ms, repet ition r ate

20 Hz, pulse energy 3� 7~ 7� 5 J) . T he pulse en�
erg y and the pulse duration are measured by

photometry using a calibrated internal photodi�
ode. T he ut ilized processing gas ar gon is of tech�
nical quality 4� 6 at a g as pressur e of 10 bar.

The temperatur e radiation em itted by melt,

vapor , and plasma�named process em ission � is

detected by CPC via photography using a CMOS

camera at a frame rate of 50 kHz, an exposure

time o f 17 �s per frame, and a resolut ion of 1

pix el+ 1� 8 �m at an overall picture size of 96 ,

96 pix el2 . T he intensity of process em ission is

given as 8 bit�coding. T he max ima of sensit ivity

of three kinds of sensors are centered in the v isi�
ble spect ral range at 460 nm ( blue ) , 540 nm

( gr een) , and 650 nm ( red) w aveleng th ( F igure

6) . Each sensor is named after its maximum of

sensit iv ity: blue sensor, g reen sensor, and red

sensor. A dichroit ic m irror is used to separ ate

the process emission and the ref lected laser radi�
at ion ( F igure 7) .

F ig� 6� Sensitiv ity of blue, g reen, and red senso r

Fig� 7 � Scheme o f experimental setup for LD and CPC

Trepanning: Holes are drilled by pulsed la�
ser radiat ion using a f lash lamp pumped Nd:

YA G slab laser at �= 1 064 nm w ith pulse dura�
tions in the range 0� 1 to 0� 5 ms. T he pulse repe�
tit ion f requency is fix ed to 20 Hz. U sing a lens

w ith focal leng th of f = 100 mm intensit ies up to

280 MW/ cm2 w ith a beam quality of M 2 − 2 are

achieved.

The holes are drilled at an inclinat ion angle

of 60� resulting in an ef fect ive leng th of 5 mm in

a CM SX�4 based multi�layer system: CM SX�4
subst rate, bond coat M CrAlY ( BC ) , thermal

barrier coat ing ( TBC) Yt tr ium part ial ly stabi�
lized Zirconia ( YPSZ) . T he fan on the out let side

exhibits a length of 0� 6 mm and a w idth of
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0� 36 mm and the ellipse on the exit side a diame�
ter of 0� 2 and 0� 4 mm ( Figure 8) . The laser is

mounted on a five�ax is positio ning stage w ith a

posit io ning accuracy of 1 �m. The laser and the

posit io ning stag e are controlled by a PC which

includes an interface to transfer the CNC code

fo r the ax is movements generated by ex ternal

CAD/ CAM softw are to ol. T he posit ioning stage

is pr epared for a simultaneous f ive� ax is move�
ment including a posit ion depended corr ection of

the ax is orientation.

F ig� 8� Scheme of a shaped ho le in

multi�layer sy stem

A conical no zzle w ith an ex it diameter o f 1

mm is used to get a supersonic gas f low co llinear

w ith the laser beam in or der to remove the melt

from the processed surface. T he nozzle is posi�
t ioned 1 mm above the surface of the material.

Oxygen and argon of technical quality are used

as process gas at a pressure of 12 bar.

Sample preparat ion: T he samples are grin�
ded w ith successiv ely f iner silicon carbide papers

dow n to 1200 g rade and polished w ith 1 �m par�
t icle size diamond paste. In order to rev eal ox ide

and recast layer and heat af fected zone ( HAZ)

the samples are chemically etched.

Opt ical microscopy ( OM ) , scanning elect ron

micro scopy ( SEM ) and white light interference

micro scopy ( WIM ) analyses w ere carried out to

ident ify the m icrostr ucture, morpholog y and

physical features of recast lay ers including H AZ

and ox ide layer.

2 � Results and discussion

DLF

For DLF par ts a density > 99� 5% could be

achieved. F igure 9 demonst rates the result ing

micro st ructure o f an SLM sample manufactured

out of too l steel 1� 234 3. A metal lurg ical bond

betw een both adjacent t racks and subjacent lay�
ers is achiev ed by the adaptat ion of the pr ocess

parameter s[ 10] .

F ig� 9� Cross section o f SLM sample

out o f too l steel 1. 234 3

Due to the high density the SLM parts ex�
hibit go od mechanical character ist ics. Tensile

st reng th and breaking elongation have been de�
termined by a tensile test. Exemplary r esults fo r

the T itanium alloy TiAl6V 4 are show n in Figure

10[ 11] . For a comparison tensile test rods out of

sheet metal are tested. T he tensile st rength of

approx. 1 050 N/ mm
2
o f the SLM samples is in

the r ange of the material specif icat ion and slight�
ly higher than the one o f the sheet metal sam�
ples. With regard to breaking elongat ion both the

SLM samples and the sheet metal exhibited low�
er v alues than the materials specif icat ion. Possi�
ble explanations for the britt le fracture o f the

SLM samples could be the resulting m icrostr uc�
ture due to r apid solidif ication or increased oxy�
gen content . Invest igat ions on succeeding heat

t reatments in or der to enhance the breaking e�
longation as well as chem ical analysis of the

parts are current ly being carr ied out .

Fig. 10 � Tensile strenght and breaking elongation

of SLM samples out of T iA16V4

Roughness and dimensional accuracy are

decisiv e facto rs fo r indust rial application and ac�
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ceptance o f the SLM�process. The roughness RZ

of the SLM samples is around 30 ~ 40 �m and

mainly determined by the layer st ructure and

molten part icles at tached to the sur face o f the

parts. Figure 11 show s an SEM picture o f the

side surface o f a SLM sample manufactured in a

layer thickness of 100 �m. At the moment par ts

w ith a lay er thickness dow n to 30 �m can be pro�
duced. Due to the high density the SLM par ts

can be post processed by convent ional manufac�
turing w ithout any problems to the surface quali�
ty r equired by the f ield of applicat ion. The di�
mensional accuracy w as determ ined to be bet ter

than 0. 1mm in x�, y� and z�direct ion for differ�
ent part sizes

[ 12]
. The deviat ions of 60~ 80 �m

betw een the CAD and the actual measur e are

mainly in the range of the surface roughness.

The max imum part size is 120 , 120 , 200 mm

rest ricted by the dimensions of the pro cess

chamber, the smallest st ructures that can be re�
alized at the moment are w ebs o f 230 �m thick�
ness.

Fig� 11 � SEM pictur e o f side surface oif SLM sample

LMD

By choice o f the suitable process parameters

- Laser pow er ( contour) : P LK = 450 W

- Laser pow er ( hatch) : PLF= 650 W

- Powder mass f low : m
.

P= 4%

- Laser beam diameter: dL= 1, 3 mm

- Velocity: VV = 500 mm/ m in

- Shielding gas flow ( coaxial, internal) : V
.
SGI=

30 l/ min

- Cooling time between tw o layers:  t cooling =

2 m in

a defect f ree volume ( F igure 12) can be de�

posited.

F ig� 12 � Pa rt out o f Inconel 718 generated by LMD

The achieved mechanical propert ies o f heat

t reated and non heat treated LMD Inconel 718

w ere discussed by Kelbassa et al. , 2004 and

2005
[ 1 3, 14]

. T he same or even bet ter stat ic and dy�
namic mechanical pr opert ies in comparison to a

fo rged heat t reated raw material can be achiev ed

by heat tr eated LMD Inconel 718.

In Figure 13 and 14 the measured ultimate

tensile str ength Rm , 0� 2% y ield st rength Rp0. 2 , e�
longat ion A 5 and contract ion Z of non heat t rea�
ted and heat t reated raw material and non heat

t reated and heat t reated laser cladded material

ar e show n. The heat t reatments of the raw mate�
rial ( complete heat t reatment, steps 1~ 3) and of

the laser cladded material ( str ess relieving / e�
quivalent to short ag eing, PWHT , Po st Weld

Heat T reatment ) are listed in table 1.

F ig� 13� Ultimate tensile str eng th Rm and 0. 2%

y ield strength Rp0. 2 o f non heat tr eated and

heat treated raw materia l[15] and non heat

tr eat ed and heat tr eat ed laser cladded mat erial,

ro om temperature, DIN 50 125�B4 , 20,

DIN EN 10002

744



� 第 5 期 I . Kelbassa, et al. : P otentials o f manufacture and repair of nickel base turbine components ((

F ig� 14 � Elongation A 5 and contraction Z o f non heat

tr eated and heat tr eated r aw mater ial[ 15] and non heat

treated and heat treated laser cladded

mater ial, r oom temperatur e, DIN 50

125�B 4 , 20, DIN EN 10002

Table 1 � Heat treatments of raw material

( complete heat treatment, step 1~ 3) and of

laser cladded material ( PWHT) [15]

Temperature/

)

T ime

span/ h
Coo ling

H ardness/

HRC

St ep 1,

So lution

annealing

950~ 980 1 A ir

20~ 25

( 240~

270H V)

St ep 2,

Ageing 1
720 8 Oven /

St ep 3,

Ageing 2
620 8 A ir

40~ 44

( 390~

440H V)

PWHT ,

Str ess

relieving

( shor t

ageing)

732 4 Over /

The stat ic mechanical propert ies of the ma�
terial rough af ter cladding corresponds to tho se

of a hot�rolled and annealed raw material while

the stat ic mechanical properties of a st ress re�
l ieved ( aged) laser cladded material is equivalent

to those of a complete heat t reated raw material.

LD

CPC:Stainless steel o f 2, 5, and 8 mm thick�
ness is percussion dr illed by 10 to 30 pulses. The

drilling velocity is comparable to nickel base al�

loys[ 16, 17] . For 2 and 5 mm sheets the drilling

depth per pulse is nearly constant befor e br eak

through during the 5th r espect ively the 11th

pulse ( F igur e 15, upper tw o lines) . Due to the

decreasing intensity caused by the caust ic and

mult iple ref lect ions the drilling process becomes

unstable at a drilling depth of more than 6 mm.

The number of pulses unt il break through varies

betw een 29 and 47 pulses drilling the 8 mm sheet

( Figur e 16) .

Fig� 15� Long itudinal sections ( percussion drilling,

X5CrN i18�10, 2, 5, and 8 mm, increasing

number o f pulses from left to right)

F ig� 16 � Dr illing depth versus the number o f pulses

( per cussion drilling, X5CrNi18�10, 8 mm)

By drilling the 2 mm sheet the mean intensi�
ty of emission is decreasing af ter the 5th pulse

fo r all the sensors. The ratio of the mean intensi�
ty of the 5th pulse and 6th pulse is larger for the

red sensor ( 130/ 1) than for the blue ( 5/ 3) o r

green ( 4/ 1) one. Looking clo ser to the red sen�
sor, the mean intensity is st rongly decreasing af�
ter 340 �s of the 5th pulse w ithout any increase

during the follow ing pulses ( F igur e 17, top) .

During drilling the 5 and 8 mm sheets the
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F ig� 17 � Mean intensit y of emission detected by the

r ed senso r ( per cussion drilling, X5CrNi18�10,

2. 0 mm ( t op) , 5. 0 mm ( middle) , 8. 0 mm ( bottom) )

ratio of the mean intensity before and after br eak

through fo r the red sensor is smaller ( 2/ 1 and

5/1) compared to the 2 mm sheet ( Figure 17,

middle and bot tom) . Due to the smaller so lid an�
g le at bigg er hole depth drilling the 8 mm sample

the mean intensity starts decr easing at a hole

depth of about 6 mm, respect ively the 13th puls.

Ano ther reason o f the smaller rat io is mult iple

reflect ion of the pr ocess emission at the hole

w al l.

The entr ance diameter s of tw o holes dr illed

in a 5 mm sheet are accor ding to the diameter of

the pattern of the intensity ( F igure 18) . The di�
ameter of hole 1 could be determined precisely

by super position of tw o pat ter ns in case of hole

2, the imprecise determ inat ion of the diameter by

measuring the pat tern o f intensity is consequence

of the large process em ission.

F ig� 18 � Patt ern recognition o f intensity by red senso r

fo r tw o holes, left : hole 1, superpositio n of tw o

patterns dur ing 11th pulse, r ight: hole 2 pat tern

during 12th pulse ( per cussion drilling ,

X5CrN i18�10, 5� 0 mm)

Table 2� Diameter of holes and diameter

of pattern of intensity (Figure 18)

!/�m

ho rizontal

!/�m

ver tical

!/�m

average

H ole 1, r eal diameter 532 647 589

H ole 1, diamet er of pattern 592 608 600

H ole 2, r eal diameter 561 479 520

H ole 2, diamet er of pattern 560 416 488

Trepanning: T he shaped ho les drilled ac�
cording to the original CAD data ( Figur e 19) did

no t f it the r eference geometry . T he geometr ic

shapes of the entrance and ex it of the hole have

to be manually r edesigned. T he fan is split in tw o

symmetric geometric shapes along w hich the la�
ser radiat ion is guided. T o determine the orienta�
tion o f the laser beam during the cut t ing pr ocess

the 2D geometric shape of the ellipse on the out�
let side and the fan on the inlet side are segmen�
ted ( F igure 8, top and bot tom v iew ) . Each seg�

ment on the exit side is related to a segment on

the entr ance. Within a sing le segment the CAD/

CAM softw are interpolates the feed rate and

generates the CNC code for the movement of the

cor responding posit ioning sy stem ax is.

The drilling process comprises three steps:

- A through hole is formed by percussion

drilling in the centre of the geometry .
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F ig� 19� Scheme o f the reference ho le for trepanning

- T he diameter of the percussion dr illed

ho le is increased by t repanning in order to create

a co re ho le w ithout violating the f inal g eometry

of the contour. T he cor e hole prevents the for�
mation o f closures and allow s a steady melt ex�
pulsion.

- The f inal geometric shape of the hole is

cut in the massiv e material star ting at low feed

rate during the first round w ith the feed rate in�
creasing af ter each repet it ion.

The cross section of the mult i�lay er sy stem

( Figure 20) exhibits three holes ( numbered 1 to

3) in one row w ith a distance of 1� 2 mm betw een

the entrances of each. The three ho les are sec�
t ioned through at different po sit io ns of the long i�
tudinal hole axis featuring a different g eometric

shape. Due to the five�ax is t repanning there is a

smooth prof ile t ransit io n w ithin the hole be�
tw een the fan shape on the outlet side and the el�
l ipse on the inlet. A ccording to OM and SEM an�
aly ses of the chem ically etched cro ss sect ion the

shaped ho les exhibit a recast lay er in the thick�
ness range o f 10~ 20 �m, whereas the thickness

is larg er at the leading edge than at the t railing

edge of the hole ( F igure 21) . T he larger r ecast

layer at the leading edge is explained by Sezer et

al. w ith a model characterising the heat flow dur�
ing the drilling pr ocess [ 18] . T he high beam quali�
ty allow s the t repanning of the ho les w ith a min�
imum heat input. Therefore, there is no consider�
able damage or delaminat ion at the interfaces

subst rate/ bond coat and bond coat / T BC ( Figure

20 and 21) . No cracks can be detected in the CM�
SX�4 subst rate and no signif icant damages are

observed in the recast layer.

Fig� 20� Shaped hole ( tPULSE= 0. 5 ms, f PUL SE = 20 Hz,

PLASER = 1. 4 kW, PAVERAGE= 14 W , chemically etched)

F ig� 21 � Longitudinal section o f the outlet r egion o f a

multi�layer system at 60� inclination ( f PULSE = 20 Hz,

EPUL SE = 0� 6 J, tPUL SE = 0� 5 ms, chemically etched)

The WIM analy sis exhibits the surface

st ructure, caused by the co lumnar gr ow th of the

YPSZ T BC when deposited by the elect ron be�
amphysical vapour depositio n ( EBPVD) ( F igure

22) . The out let r eg ion of the shaped ho le ob�
tained by the f iv e�axis t repanning has a symmet�
rical g eometric shape. The relat ively small radius

at the lef t and r ight cor ner of the fan shape base

line, are realised by a sharp edged CNC tr ack.

These turning points lead to an ex tend laser/ ma�
terial inter act ion resulting in a slight channel.

The fo rmat ion of the channel can be reduced by a

redesign of the CNC track w ith an improved ax is

movement .
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Fig� 22 � WIM analysis of the outlet van of a shaped ho le

( no sur face info rmation could be obtained

in the black reg ions)

3 � Conclusion and outlook

The three laser based processes DLF, LMD

and LD offer adequate too ls to r ealize and imple�
ment a repair chain for HPT blades and vanes

out o f Nickel base allo ys due to the results a�
chieved w ithin specific basic R & D car ried out

fo r every pr ocess. The key challenge not solv ed

to date is the combinat ion of all three pro cesses

to one repair chain. In case of feasibility this re�
pair chain w ill o ffer new possibilit ies in the aer o

engine parts repair and maintenance field.
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