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1. Introduction

The demand for turbomachinery systems such as aero-
engines, stationary gas and steam turbines as well as turbochar-
gers for engines is constantly growing due to the increasing
worldwide requirement for energy and mobility. In contrast,
conventional energy resources such as oil, gas and coal together
with important raw materials are shrinking while environmental
pollution due to CO2 and NOx emissions is on the rise. Thus, energy
and fuel prices as well as costs for environmental protection and
sustainability are constantly increasing, necessitating the devel-
opment and introduction of highly efficient turbomachinery
systems.

Taking the aerospace sector as an example, air traffic is
resiliently growing at a rate of 4–5% a year both for revenue
passenger (RPK) as well as cargo traffic tonne kilometres (RTK),
practically doubling within 15 years. According to the ‘Global
Market Forecast 2012-32’, Airbus predicts a doubling of the
passenger aircraft fleet (� 100 seats: single/twin-aisle and very

2013-32’ showing the 20,310 aircraft (regional jets, single a
small/medium/large widebody) currently in service increasin
41,240 by 2032 with new deliveries of 35,280 [29,86,123]. In te
of aeroengines, Rolls-Royce expects �68,000 deliveries (includ
business jets) over the period 2012-31, with a market value of $
billion [164]. Adding to this, the servicing of commercial eng
involving maintenance, repair and overhaul (MRO) is also grow
in importance. Within GE Aviation, the service market for 2
amounted to $7.2 billion while the new engine market was $
billion [100].

Besides market growth, the challenges faced by industry
also growing, because future aircraft including the engines m
also be more fuel efficient, quieter and cleaner due to offi
regulations and agreements. The new ACARE (Advisory Counci
Aviation Research and Innovation in the EU) goals for 20
schedule a reduction of 75% in CO2, 90% in NOx and 65% in n
relative to 2000 [2,86]. In summary, there is an extensive 

pressing need for design – as well as advanced manufacturing 

repair technologies able to handle the current and growing fut

large) from 16,094 to 33,651 by 2032. Including replacements,
some 28,355 new aircraft deliveries are anticipated. Similar
numbers are presented in Boeing’s ‘Current Market Outlook
are
igh* Corresponding author.

E-mail address: a.klink@wzl.rwth-aachen.de (A. Klink).
demands for turbomachinery components.

2. Challenges of turbomachinery component manufacture

Core functional components of turbomachinery systems 

characterised by the use of dedicated high temperature, h
specific strength and wear-resistant materials (Fig. 1).
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achining such ‘‘difficult-to-cut’’ materials using conventional
ns is very challenging, often resulting in low material removal
s (MRR), reduced precision due to high cutting forces, high
ing costs due to increased wear and consequently low process
iency [178]. In addition, the resulting surface integrity is often
acterised by thermo-mechanically altered or even damaged
zones [97,178,196]. Thus, the utilisation of technological as

 as economically suitable manufacturing technologies is of
t interest.
aking the aerospace sector again as an example, Fig. 2 shows
pecific areas of application for preferred Ti and Ni-based alloys

eroengines. The temperature capability of such materials is
tantly increasing through the development of new materials

 different primary manufacturing technologies [158] (Fig. 3).
 to the absence of grain boundaries, single crystal materials
bit far better creep properties than polycrystalline materials
can therefore be utilised at higher temperatures [34]. The use
uch new materials and especially the advanced gamma
ium aluminides (for compressor as well as turbine applica-

s) [13] and polymer matrix composites – PMC (for fan blading
ponents), (Fig. 2), require amongst others, the development of
opriate manufacturing technologies.

The most important turbomachinery steel, Ti- and Ni-based
materials discussed in this paper are:

� Steel alloys: X22CrMoV211; X12CrNiWTiB16-13
� Ti-based alloys: Ti–6Al–4V (Ti64/Ti6Al4V); Ti–6Al–2Sn–4Zr–

2Mo–0.1Si (Ti6242); Ti6246; Ti–5Al–2Sn–2Zr–4Mo–4Cr (Ti17)
� Gamma titanium aluminides (g-TiAl): TNM; GE 48-2-2; 45 XD
� Ni-based superalloys: Inconel 718** (In718); In718 DA***;

IN100**; Inconel 738**; Inconel 939**; MAR-M0028; MAR-
M2478; Waspalloy*; Udimet 720*; Nimonic 105*; Nimonic
713*; Rene88**; RR10008*; CMSX488; LEK9488

Legend: *wrought, **cast, 8directionally solidified,88single crystal,8*
powder metallurgical, ***direct aged

In order to increase aeroengine economic and ecological
efficiency, current focus centres on the enhancement of propulsive
as well as thermal effectiveness [31,98,198]. Propulsive efficiency
can mainly be improved by realisation of higher by-pass ratios
such as via the concept of Geared Turbo Fans [81]. Due to limited
ground clearance of aircraft (classical design) and therefore limited
fan diameters, the core engine has subsequently also to be reduced
in size. The thermal efficiency can be further increased through
higher temperature combustion requiring new high temperature
resistant and lightweight materials (e.g. graded materials, single
crystal, metal matrix composites – MMC and ceramic metal
composites – CMC) and better cooling concepts (new cooling hole
geometries, double walled bladings) as well as thermal barrier
coatings (TBC) [32,64,175,180,181]. As a consequence, the need for
more Ni-based compressor/turbine stages can be expected.
Additionally, improved aero-dynamic and lightweight construc-
tion designs involving ‘‘hyper-polished’’ airfoils, elliptical leading/
trailing edges or blisk manufacture, (Fig. 4), can further increase
stage pressure ratios and thus efficiency [36,38].

In order to overcome current manufacturing limitations of
conventional machining and to extend the potential of Design For
Manufacture (DFM), an evaluation of the capabilities of advanced,
non-mechanical, single process technologies, as well as new
process chains both for initial manufacture and repair is necessary
[37]. Comparing e.g. milling and ECM (Fig. 5), the MRR is reduced
hyperbolical with the cutting tool overhang while constantly
increasing with the ECM working area for comparable axis scales
during blisk slot roughing. Besides productivity, the criticality of
aeroengine failures necessitates appropriate workpiece surface
integrities [196]. Also, economic capabilities have to be evaluated
against the background of constantly growing volumes in

. Current and future temperature specific application of materials in aero

es (example: Rolls Royce Trend 800 engine).
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Fig. 4. Blisk principle design [163] and exemplarily, qualitative classification of

currently used machining technologies as a function of blade surface are size (and

airfoil length) and material machinability, [36].
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The paper reviews comprehensively the past, current and
future technological and economical capabilities of ECM, EDM and
photonic (laser/EBM) additive and subtractive processes for
turbomachinery component manufacture. It focusses on the
description of shaping processes excluding pure welding or
coating applications. As the machining of composite materials
(PMC, MMC, CMC) with electrically non-conductive phases cannot
be executed using ECM/EDM and is generally inefficient with
lasers, the paper focusses on the machinability analysis of steel, Ti
and Ni-based alloys.

3. Technological capabilities of advanced processes

3.1. Electrochemical machining (ECM)

3.1.1. Introduction

The major advantages of ECM are its process specific
characteristics of high material removal rate in combination with
almost no tool wear. Due to cost intensive tool pre-developing
processes and rather high investment outlays for the machine tools
however, ECM is specifically used in large batch size production
and represents an alternative manufacturing technology for
turbomachinery components. In addition, high material removal
rates can be realised while achieving good workpiece surface
quality without the occurrence of white layers, heat affected zones
or strain hardening [104,110,112]. This section gives a specific
overview on the technological capabilities for the production of
different geometrical features of turbomachinery components.

3.1.2. Material specific removal rates and resulting surface integrity

Independent of the type of ECM process – direct current (DC) or
electrically and mechanically pulsed processes (PECM) – material
removal is only dependent on the electrochemistry of the
workpiece materials in combination with the electrolyte and the
programmed current densities. For ECM tool design, it is necessary
to know the local gap details during the process. The local gap
width can initially be calculated with a combination of Ohm’s and
Faraday’s law (for complex shaped geometries and long flow
lengths the approximation loses its validity). Eq. (1) shows the
effective material removal rate Veff based on the specific removal
rate Vsp,alloy according to Faraday’s law reduced by the current
efficiency h [104]. In the pure form of Faraday’s law, only one
electrochemical valency is considered for each element and the
equation has to be corrected by h, which also can be considered as
an efficiency factor. Furthermore, the calculation of local effective
gap seff by the combination of Ohm’s and Faraday’s law is only
applicable in the frontal gap [104]. For complex shaped geometries,

it can roughly be corrected by the angle of inclination of 

workpiece contour a (Eq. (2)), [112].

Veff ¼ Vsp;alloy � h ¼ h
ralloy

�
Xn

i¼1

wi

100
� Mi

zi � F

seff ;a ¼
ðU � DUÞ � Veff � k

y f � sina
¼ ðU � DUÞ � Veff � k

y f �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos2a
p

In practice, it is necessary to experimentally determine 

effective material removal rate by analysing the behaviour of f
rate as a function of current density. Typical results are show
Fig. 6 for the DC-machining of cylindrical holes with a 

diameter of 6 mm and internal flushing.
The linear behaviour and zero dependence of electro

concentration on effective material removal rate are typica
ECM processes at high current densities. Fig. 7 summarises 

averaged effective material removal rates of relevant turbo
chinery alloys. The linear curves were combined into a sin
function denoted as Veff,Ø, which is the averaged effective mate
removal rate. All of the titanium alloys had a near identical Veff

�1.78 mm3/(A min). In the case of nickel-based alloys, fi
grained microstructures lead to better electrochemical mach
ability and faster dissolution. Consequently, superalloys ma
factured via powder metallurgy (PM) techniques show the b
electrochemical machinability. In general, nickel-based al
dissolve faster than titanium alloys [112].

Besides the proportional interrelationship between feed rat
(equal to the resulting dissolution velocity vA) and current dens
hyperbolic interrelationships can be identified for the frontal 

size s90 (seff,a; a = 908) as well as the resulting surface roughn
(Ra) and the current density [110]. Therefore, high mate
removal rates can in principle be achieved simultaneously w
small frontal gap sizes which give the highest precision while 

producing low surface roughness for surface smoothing 

polishing effects. Fig. 8 shows results for the machining of Ti–6
4V and Inconel 718.0.5
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he fact that the hyperbolic response of Inconel 718 is not as
ounced as Ti–6Al–4V is a result of the specific microstructure
e nickel-based alloy employed. Such curve relationships mean

 higher feed rates can be used to produce advanced surface
ity at the front edge. Conversely, the surface quality at the
al area of 3D-structures declines with low current densities
].
he resulting microstructure of the part surfaces after ECM
ngly depends on the specific composition of the bulk material.
ough no thermally damaged or mechanically deformed rim
s occur with ECM, different material phases or crystallo-
hic orientations of the alloys have different electrochemical

olution behaviours (up to inter-crystalline and pitting corro-
) resulting in different removal speeds [179]. Depending on the

 of the phases and different heat treatment – a defined
hness or waviness of the surface can result following ECM.
ig. 9 gives an overview on surface integrities of different
erials after specific electrochemical treatments. For Inconel

 and Inconel 718 DA which has a more fine-grained
ostructure, a smooth and flat surface finish without any rim

 can be seen in the cross sections when employing optimised
 parameters. For Ti–6Al–4V, a slightly faster dissolution of the

hase is visible in the detailed cross section with higher
nification showing a slight waviness – but without any rim

 – of the surface. For g-TiAl machining, overlaying a2-lamellas
 thicknesses of <2 mm (due to a much reduced dissolution
city [21]) results in high roughness after ECM shown in the
iled top view of the surface.

. New process modelling approaches

he main reasons for high tooling costs with ECM are the
nce on only knowledge-based, iterative cathode designing
ess. After a test run the workpiece has to be measured and the
rence between target and actual geometry is subtracted from
athode and so forth, yet the theoretical background of the ECM
ess with all its different physical aspects, cf. Fig. 10, is well

n [30,109].

in the future to combine different physical phenomena such as
fluid flow, electric fields, heat transfer and surface reactions in one
simulation [108]. Different new simulation approaches (e.g. for
blading manufacture) are now being implemented for the first
time and will be further improved.

The 2D-simulation of the DC-ECM manufacture of blades is
shown in Fig. 11. The cathodes with a pre-machined geometry are
moved with a constant feed rate towards the blade and due to the
local conditions of electrolysis, the blade is formed. The simulation
results show that the flow surfaces are closely mapped (maximum
deviation <10 mm) in comparison to the experimental target
geometry. Geometrical deviations of the order of 200 mm for
trailing and leading edge can be explained by inaccuracies of the
pre-determined inflow conductivity and inaccuracies in spline
generation [109]. These deviations can be further minimised by
optimisation steps. The final goal will be the implementation of an
inverse simulation to predict the correct cathode shape depending
on a given anode (blade) geometry [87].

In Fig. 12 a comparison between experimental results, two
different 3D multi-physics simulations and the established cos(w)-
method (sin(w) alternatively, cf. Eq. (2) and [87]) is shown for the
DC-ECM sinking of a leading edge rounded cuboid.

. Achievable surface integrity for different titanium and nickel-based alloys

ECM machining. Based on [21,112].

Surface
Reactions

Heat
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Electric Field

Fig. 11. Principle of ECM blade manufacture and according results of a 2D multi-

physics simulation. Based on [109].
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and comparison to experiment, [108].
mprovements in computing power and simulation tools allow
lti-physics’’ approaches to simulate the complex ECM
esses in one comprehensive approach. Thus, it will be possible
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Here the cos(w)-method can predict the anode shape only for
small contour angles, below 408 and therefore shows the limited
capabilities of conventional ECM simulation approaches. The
contour of Simulation 1 in contrast is achieved by computing the
electric field in conjunction with the Faraday model. In Simulation
2 heat transfer and fluid flow are also modelled [108]. It can be seen
that both simulated results show good agreement with the
experiment at the inflow and the frontal gap area. Downstream,
after the cathode’s sharp edge, the deviations between the
contours grow (shown in black box). The largest difference
between the calculated and the experimental result is located in
the side gap at the outflow position. The maximum deviation
between the experimental and simulated results is below 300 mm.
In general, the material dissolving in the simulation is slightly
higher than in the experiment. This effect is caused by neglecting
the hydrogen evolution, which would gradually reduce the
conductivity of the electrolyte in the direction of flow. Comparing
the results from both simulations, it can be stated that because of
Joule heating and the linear correlation of conductivity and
temperature, material removal rate is higher for Simulation 2,
[108]. The approaches presented clearly show the large potential of
multi-physics simulation for implementing and optimising com-
puter-aided cathode design.

3.1.4. Pulsed electrochemical machining (PECM)

For the achievement of higher precision and better surface
qualities during ECM, pulsed process modifications have been
developed since about 2000. Pulsed (also termed ‘‘precise’’) ECM
(PECM) is a vibration assisted development of ECM die-sinking by
applying a low frequency oscillation of the tool electrode within
the working gap [122,168]. Using the combination of an
additionally pulsed, high current density direct current and an
oscillating electrode enables precise machining at reduced
working gaps of about 10 mm to 100 mm compared to typical
values of 100–1000 mm during DC-ECM with surface roughnesses
down to Ra = 20–30 nm [35]. Depending on the workpiece
material, even polished surfaces can be achieved via ECM. The
principle of PECM is shown in Fig. 13.

Due to the off-times in PECM, a considerable amount of the
process time is used for the replacement of the electrolyte in the
pulse pauses. In these pauses, no removal process takes place.

electrolyte saturation level with ions is reduced, allowing 

application of higher current densities during on-times compa
to DC applications. Another advantage is the fact that due to
high current densities in the small frontal gaps, reduced s
currents occur and lower etching attack next to the machin
areas takes place [152].

3.1.5. Specific machine tools and process handling technology

Modern PECM machine tools allow roughing, finishing 

polishing on one platform [63]. Fig. 14 shows such a machine 

with typically 7–8 axis (3–4 axis for the manipulation of 

workpiece and 4 axis for tool movement (2 oscillating cathod
[152]). The machine tool consists of a compact and closed sys
with autonomous electrolyte management.

For the machining of titanium-based alloys, the electrolyt
typically aqueous solution of NaCl (avoiding passivation pheno
ena) while for nickel-based superalloys and TiAl, NaNO3 is u
Fluid flow rates up to 1000 l/min and pressures up to 40 bar
realised in a closed-loop system with control of temperature 

pH-value (via acid-/base-dosage) [59]. In addition, a monito
and chemical treatment of chromium VI (reduction to chrom
III) is nowadays implemented [195]. For filtering of the hydrox
precipitation usually back-flushable slurry filter membranes 

chamber filter presses are used [59]. Finally, recycling and
disposal have to be managed by certified specialists. Resul
costs for the electrolyte handling and the recycling/disposal of
slurry have therefore to be taken into account when conside
machine investment and operation. An ecologically acceptable 

user-friendly ECM process can then be realised.
The electrical power supply usually features scalable gener

technology with up to 40 kA at pulse frequencies up to 10 kHz [
During roughing operations with constant DC, current densitie
up to 3 A/mm2 can successfully be applied allowing suffic
eduction of ions within the electrolyte [179]. Scaling with la
area ECM (up to 60 cm2 [20]) achieves high material removal r
but fluid flow paths have to be kept as short as possible in orde
guarantee a fast electrolyte exchange. Additionally, tool syste
including fluid chambers with inlet and outlet pressures have t
designed in such a way that flow striations due to unsteady fl
can be avoided. Typically, feed rates of up to 3 mm/min 

possible [35]. Fig. 15 shows machine set-ups for blade and b
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Fig. 13. Principle of Pulsed (Precise) Electrochemical Machining (PECM) with

oscillating cathode tool electrode.

Fig. 14. PECM machine tool for rough and finish machining of blisk geometries 

2 vibrating cathode tool electrodes [59,74].
Fig. 15. Machine set-up for blade (left) and blisk (right) manufacture (DC-ECM),

Leistritz Turbomaschinen Technik LTT [104].
Hence, the maximum removal rates of PECM compared to EC
methods, in which continuous DC current is used, are significantly
reduced (e.g. 20 times longer machining times [152]). However,
due to refreshment of the fluid the electrochemical conditions
within the working gap are kept much more constant. Therefore,
for long fluid flow paths such as during the machining of blades or
other macro geometrical features of turbomachinery components,
gap widening effects over the flow channels length are significant-
ly reduced. Thus, a more uniform gap size distribution is achieved
allowing more precise machining and also simplification of tool
electrode development iterations. In addition, during off-times the
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ufacture (DC-ECM). On the left, the simultaneous machining of
des is presented. The feed rate is independent of the area to be

hined enabling a significant increase in productivity [61]. On
right the blisk fluid flow box which is completely flooded
ng machining is shown together with the tool electrodes.
he mechanical tool oscillators of PECM have typical ampli-
s of 100 mm at frequencies of up to 100 Hz. During
hanically pulsed machining, typical feed rates are only

m/min. Therefore, the PECM process is mainly used for
h machining and it becomes economic if it is combined with
iminary steps of DC-ECM [35,152]. In addition to providing

 material removal rates and low surface roughness, both ECM
PECM produce burr-free geometries independent of shape
plexity [73].
nce a process is configured and all electrical and fluid process
meters are maintained, excellent repeatability can be
eved. During machining of a blisk with 75 blades, 43 cp values
ned as the number of times the spread of the process fits into
tolerance band) describing different geometrical features for
e position and thickness, chord length and line angles,
kness as well as geometry of leading and trailing edges, were
ysed. All values were better than 1.3 and only one was lower

 1.33 (4s). Maximum cp index values were around 6.65
cating a highly stable process [152].

. Examples for successful technological applications

his section gives an overview of different successful applica-
 examples of ECM and PECM for the manufacture of
omachinery components including information on relevant
ess conditions and achievable machining performance.
CM is capable of producing single blade and vane geometries
ifferent shapes both for aircraft engine and stationary steam
gas turbine applications (Fig. 16). During DC-ECM machining
cal material removal can be several cm3/min for different steel-
d (e.g. X12CrNiWTiB16-13: 2.5 cm3/min), titanium-based (e.g.
42: 3.9 cm3/min) and nickel-based (e.g. Inconel 718: 2.1 cm3/
) alloys [20,72]. Form accuracy and surface roughness values of

m and Ra = 0.8 mm respectively are possible. Calculated
ngs during manufacture of single blades amounts to 30% in
parison to cutting operations [35]. This is especially so in
inuous production due to reduced tooling costs. Besides
hining of free-form aerofoil shapes the process is also capable
achining the annulus with varying fillet radii and elliptical
s [20]. Further increase of productivity is possible during
equent process optimisation [55]. The introduction of forged
ast TiAl blades in future engines will add even more

ificance to ECM [93].

by a radial movement of a sheet electrode which is isolated
underneath the tool in order to avoid extensive side gap widening.
The feed rate amounts to 3 mm/min [62].

The EC-machining of structural components like blade flanges
on jet-engine casings (diameter of 350 mm, height of 350 mm) as
well as machining to facilitate weight reduction at bolt holes on
disks is presented in Fig. 18. In both cases, nickel-based alloys are
machined via constant DC-ECM with working voltages of 20 V and
14 V and operating currents of 15 and 12 kA respectively [62].

Fig. 19 shows an EC-machined titanium-based low pressure
compressor blisk (Ti–6Al–4V) and the associated copper tool
electrodes. The part has a diameter of 650 mm and incorporates 40
blades with a length of 100 mm and a profile length of 72 mm in
total. It was pre-milled with an oversize of 2 mm. For the DC
process NaCl was used as the electrolyte with current densities of
0.5–1 A/mm2.

Operating voltages of 13–18 V, currents of 12–15 kA and a feed

Fig. 17. EC machining of blades on steel (X22CrMoV211) rotor shafts for stationary

gas and steam turbine applications [60,62].

Fig. 18. EC-machining of blade flanges on jet-engine casing (left) and weight

reduction at bolt holes on turbine disc (right), [62].

Fig. 19. Low pressure compressor blisk out of Ti6Al4V machined via ECM, [62,179].
6. EC machining of blades and vanes for aerospace and stationary gas and

 turbine applications, [20,43,72].
ig. 17 shows the machine set-up for the DC-ECM machining of
ing on steel rotor shafts for stationary gas and steam turbines.
workpiece (X22CrMoV211) has a total length of 2300 mm and
ameter of 600 mm In total 120 blades are machined from 2

 pre-turned shoulders of the shaft. Each blade is manufactured
rate of 1 mm/min resulted in total machining time of 5 min per
blade [62,104,181].

Continuous developments in cutting technology has outpaced
the application of ECM for the machining of Ti-based blisks but it is
still very competitive for machining of Ni-based alloys (cf. Section
4). In order to obtain the best surface qualities of aerofoils, a
combination of ECM roughing and PECM finishing is suggested, the
approach developed from machining a nickel-based high pressure
(HP) compressor blisk made from Inconel 718 (application:
preparation for series production of PW6000 HPC stage 8). The
design includes thin, heavy warped blades which would be very
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difficult to be conventionally milled but represent ideal contours
for ECM machining technologies using NaNO3 as electrolyte. The
machining sequence comprises DC ECM pre-machining of basic
slots between the blades starting from a turned raw part. The
machine set-up and the tool electrode are shown in the upper part
of Fig. 20. The oversize around each blade is unequal and differs
from about 1–3 mm. Sufficient gap is necessary between two
blades in order to accommodate the finishing electrodes. This
process is followed by an unpulsed ECM roughing step to an
equidistant oversize. After this, the leading and trailing edges are
prepared. In the last step, PECM finishing with oscillating tool
electrodes takes place to finalise the aerofoils and annulus. The
machining set-up and electrodes are shown in the lower part of
Fig. 20 [55,152].

The machining results for both ECM technologies are presented
on the left and middle part of Fig. 21. In order to get a shiny, ‘‘hyper-
polished’’ surface, an additional smoothing operation was per-
formed with removal of oxide particles via vibratory polishing with
chemical support. Final roughness values were Ra < 0.1 mm and
Rz < 1 mm, see right hand photograph in Fig. 21 [152].

Besides complex blisk geometries, complete turbine wheels for
turbo charger applications can also be successfully machined via

diameter of 500 mm. The curved design is necessary for an id
stress distribution during load and cannot be machined 

conventional cutting. Both inlet and outlet contours are simu
neously chamfered. The overall machining time for 74 coo
holes amounts to 20 h [83,104].

For machining of filigree and high aspect ratio cooling hole
blades, two ECM-based technologies are used in industry. The 

process is the Shaped Tube Electrolytic Machining (STEM). 

principle is shown in Fig. 24.

Because of a side wall insulation of the metallic tubes use
tool electrodes, the machining only takes place in the frontal 

area avoiding side gap widening effects. High aspect ratio holes
to 600) can therefore be drilled for diameters of 0.3–5 m
Achievable diameter tolerances are in the range of �0.03 mm
using acid based electrolytes like HNO3 and H2SO4, the disso
workpiece ions are kept in the fluid allowing efficient flushing of
bore holes. Working voltages between 6 and 15 V allow feed rate

Fig. 20. Machine set-up and electrode design for DC-ECM roughing and PECM

finishing of blisk geometries. Based on [55,152].

Fig. 21. Production of a nickel-based HP compressor blisk via ECM, PECM and

(electro-) chemical supported vibratory polishing, [36,152].

Fig. 22. ECM machining of complex geometries like complete turbine wheel

turbolader charger applications [72].

Fig. 23. Machining of curved elliptical cooling holes in nickel-based high pres

turbine disks via ECM, [60,83].

Fig. 24. Principle of conventional STEM and STEM-drilling of turbulated co

holes via feed rate variation. Based on [62,85].
ate,
e so
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ECM from solid or from near net shape, see Fig. 22 [72].

3.1.7. EC-machining of cooling holes

ECM technology is also applied in turbomachinery component
manufacture for the production of cooling holes. This includes
holes both for blades/vanes as well as disks. The major advantages
of applying ECM are the production of smooth, stress- and crack-
free surfaces. In addition, low contour drilling angles can easily be
realised [187]. Fig. 23 shows the EC machining of curved elliptical
cooling holes in nickel-based high pressure turbine disks. The long
axis of the ellipse has a length of 6.5 mm while the disc has a
up to 4 mm/min. In addition, by periodic reduction of the feed r
cooling holes with spherical undercuts can be produced. Thes
called ‘‘turbulated’’ cooling holes achieve a higher degree of efficie
due to the creation of swirls within the air flow [149]. Deta
experimental studies on the influence of process parameters 

subsequent process modelling can be found in several publicat
[4,96,200].

An application example of STEM drilling is shown in Fig.
Seven cooling holes per blade are simultaneously drilled in 

workpieces within one machine set-up. The drilling length
70 mm and the diameters range between 0.7 and 1.3 mm [62
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he second high aspect ratio electrochemical drilling method
 in aerospace industry is the Electrochemical Fine Drilling
) process, [187]. Its principle and an example of application are
n in Fig. 26.

CF utilises stiff glass pipes within guidance systems. Very
ll diameters down to 0.15 mm with tolerances in the region of
1 mm for aspect ratios up to 600 can be realised. Within the pipe
tallic wire electrode serves as the cathode with working voltages
–100 V and feed rates of 1–4 mm/min. Electrolytes such as HNO3

sed. The example shows the parallel machining of 61 holes with

complex nature of the process and environmental concerns has led
to alternative technologies being developed, limiting the applica-
tion of this process.

3.1.9. Further research activities and future perspectives

Research activities for ECM drilling of high aspect ratio holes
focus on the avoidance of acid handling by using mixed
electrolytes and appropriate process parameter adaptations, see
[28,185]. Finally, Sen and Shan [171] reported a detailed review on
electrochemical macro- to micro-hole drilling processes.

The application of statistical tools (Taguchi method) for the
design and optimisation of process parameters during ECM of
Inconel 625 was conducted in order to define best electrolyte
concentrations, feed rates and working voltages for maximum
material removal rates and minimum overcut [39]. Generic aspects
of tool design for ECM have been summarised by Westley et al. [208]
in order to identify factors such as insulation requirements to
improve machining accuracy. The design of appropriate tool
electrode feeding paths and trajectory control strategies for complex
workpiece geometries such as twisted blade geometries on blisks
based on NC-simulation, was introduced in order to avoid
interferences, irregularities of machining allowance and short
circuits during exit [226,229]. For very thin electrodes which are
necessary for narrow slot geometries (e.g. in guide vane segments),
tool vibrations due to the high pressure electrolyte flow can arise
resulting in poor reproducibility and high risk for short circuits [19].

Specific research on generator development has also been
conducted for the electrical pulsed machining of titanium alloys in
order to avoid and minimise passivation effects due to the natural
oxide film formation, particularly where the change of the
electrolyte system to NaCl was insufficient [204]. Similarly, related
work focussing on the enhancement of pulse accuracy by MOSFET-
based generator improvements has been undertaken [199]. A
controlled current rise (up to 600 A/ms) with a special ramp unit
allows short pulse durations <20 ms for highest currents [214].

In order to obtain higher material removal rates and best
surface integrities both for ECM and PECM technologies, further
comprehensive and material specific process adaptations are
required. Current R&D work focusses on the detailed process
analysis of different electrolyte systems and machining conditions
for the machining of g-TiAl intermetallic alloys with different
compositions [42] and nickel-based single-crystalline materials
such as LEK94, where the local microstructure and chemical
composition of the material are inhomogeneous [33]. Alloying
additions with high atomic number, such as W and Re, are
preferentially located within the dendrites, whereas Ti and Ta are
depleted. Current densities >1 A/mm2 therefore yield more
homogeneous dissolution rates [34]. A high efficiency process
for pre-machining/slotting of blisk channels was developed by
synchronous motion of simple tool tubes in order to finish 3 gaps
simultaneously. To obtain a steady flow condition, the tubes were
designed with multi-slit outlets of different width on the outer
barrel. The resulting trajectories met the requirements of twisted
channels and kept allowances uniform [215].

The broad capabilities of ECM/PECM, when combined in one
machine set-up, to achieve both high MRR and good surface
integrity together with high productivity is anticipated to see
wider use in the future, especially for the machining of new
advanced difficult-to-cut alloys. In this context, ECM with plate

6. Electrochemical Fine Drilling (ECF) of cooling holes in nozzle guide vanes –

iple and application example [62,187].

5. Machine set-up for STEM drilling of turbine rotor blades and application

ple [62].
meter of 0.5 mm and a drilling depth of about 10 mm within a
e vane (application RB 199). The drilling angle with respect to the
kpiece contour amounts to 108 [62,187].

. ECM grinding of honeycomb structures

he hybrid process combination of ECM and grinding ECG (see
ers et al. [122]) was developed in the 1960s in order to effect

ient burr-free material removal for difficult-to-machine
space alloys. The process combination allows the burr-free
ding of turbomachinery honeycomb structures or removal of

 affected zones, see Hascalik and Caydas [79]. The highly
electrodes moving along the desired contour or even wire-ECM
applications (e.g. machining of fir tree profiles on blades/disks) has
significant potential for achieving the highest efficiencies, as
reflected in its nascent use in industrial applications.

3.2. Electrical discharge machining (EDM)

3.2.1. Introduction

Familiarity with the electrical discharge machining (EDM)
process belies the fact that its introduction was relatively recent,
machines utilising this mode of material removal appearing only in



tter
her

iece
ical
ress
on-

 all
 is

 of
97]
oes
ent
ver

hen

nal
s or
atio
ery
the
AR-
reas
g of
me
. 28

ally
are

tion
ular
ery
ble
ion
the

ility
ope
sed
ted

 [9].
the

ulse
uce
rgy

sy of

711
the 1950s. For most users, the process entails either die-sink or
wire EDM arrangements, which do indeed form the majority of
industrial installations however there are a surprising number of
alternative machine tool/process configurations that use EDM
[88,119,148]. Fig. 27 shows a timeline of technology developments
since its inception encompassing fundamental research in addition
to innovation and commercialisation.

Aspects marked with an asterisk relate specifically to key
developments associated with EDM small hole drilling in the
aerospace industry [189]. Configurations such as electrical
discharge grinding (in general a misnomer as the majority of
commercial systems involve no abrasive action), have been
adopted for superhard (PCD) tool fabrication while texturing
systems are used principally for the formatting of rolls in the cold
rolling of steel and aluminium sheet/strip, although recent work on
texturing allied with surface alloying for fabrication of diffusion
bonds in Ti–6Al–4V, has highlighted blisk or blade repair as a
possible future application area [17,124,144]. In contrast, dry
sparking has yet to see significant application outside the
laboratory environment. Since �2000, the pace of innovation
has slowed with incremental rather than step change develop-
ments, however it is likely that the introduction of minimum
damage generator designs will prove a key milestone in terms of
wider Wire-EDM (WEDM) application.

The largest concentration of EDM technology outside general
engineering remains in the mould and die industry despite the
impact of high speed end/ball end milling in the 1990s.
Applications of EDM in turbomachinery manufacture whether
for aircraft jet engines or industrial land based gas turbines used
for power generation have not changed significantly in the past 40

EDM utilisation. Notwithstanding this, EDM provides be
regulation of breakthrough detection/depth control and hig
achievable aspect ratios compared to laser systems, [65].

Company specific codes of practice relating to workp
integrity acceptance standards for the different metallurg
anomalies or surface/subsurface conditions and residual st
states caused by conventional chip forming processes and n
traditional machining processes such as EDM, are operated by
turbomachinery manufacturers, however such information
proprietary and closely monitored. Predictive modelling
workpiece integrity following machining is gathering pace [
although progress with EDM lags that of turning or milling, as d
work involving aerospace alloys as compared to steels. Rec
work to predict recast layer thickness/distribution has howe
shown good correlation with experimental observations w
EDM die sinking Inconel 718 [94].

The reasons for choosing EDM over other more conventio
processes are that productivity is not limited by the hardnes
strength of the workpiece and complex features, or high aspect r
holes and cavities, can be readily machined. The turbomachin
materials therefore specifically machined by EDM consist of 

superalloys Inconel 738, Inconel 939, CMSX4, MAR-M002, M
M247, Udimet 720, Nimonic 105, Nimonic 713, etc. The main a
for application include the drilling of cooling holes and die sinkin
slots, pockets and grooves (see Section 3.2.3), together with so
currently limited wire cutting operations (see Section 3.2.4). Fig
details sample components and ED machined features.

3.2.2. Hardware considerations

The two fundamental configurations that have essenti
defined the development of EDM generator technology 

relaxation and transistor-based pulse generators. Relaxa
generators were the first to be introduced and remained pop
due to their simplicity and ability to produce both high and v
low pulse energies and discharge durations, making them suita
for roughing and finishing operations as well as accurate precis
machining. Conversely, transistor-based systems offered 

advantage of programmable pulse shape and greater flexib
in terms of peak current, pulse width and current ignition sl
settings, enabling substantial benefits in terms of increa
material removal rate, reduced recast layer thickness/heat affec
zone depth and application specific workpiece surface quality

Historically, transistor based generators originated from 

evolution of relaxation type systems towards controlled-p
generators, where a separate AC or DC circuit is used to prod
high-frequency pulses and control the relaxation-discharge ene

Fig. 28. Sinking-EDM sample turbomachinery features indicated in red (courte

Winbro Group, MTU Aero Engines, GF Machine Solutions).

Initial  machin e devel opment,  RC systems

Forma tion  of comme rcial EDM  compan ies
Indus trial  developmen t of die sink  proce ss
Early  adap tive  con trol techn iques / proced ures, NC  systems
Transis tori sed pu lse  gen era tors -low wear
Special purpose small ho le drill ing machines with tool maga zines*
Elec trica l disch arg e grind ing (E DG)
Speci fic to produc t drilling mach ines *
Simple  elec trod e re-feed  systems *
Multi chan nel pulse  gene rators *
Automa ted electro de re-feed  systems *
Elec trica l disch arg e texturing (ED T)
CNC sys tems
Wire machi ning / orbital  machi ning
Adap tive con trol techniques,  RF moni toring
Multi he ad dri lling mach ines *
Introduct ion of co ate d wires
Robotic system s / too l chan ging
Ultrasonic/vibration assisted EDM
Mirror su rfaces , powder mi xed dielectri cs
Expe rt system s fo r wire ED M
Surface alloying
ED milling,  Micro EDM  systems
Ant i-electroly sis (AE)
Further  du plex/hybrid  system s
EDM of po or cond uctor s
Fuzzy con trol system s an d neu ral ne tworks
Dry spa rking
Water-b ased fluids for die si nking
Gene rator deve lopment for min imu m damage

1940s
1950s

1960s

1970s

1980s

1990s

2000+

*Developmen ts as soci ated with smal l hole drilli ng in the ae rospa ce indus try

Fig. 27. Timeline of EDM process developments. Based on [8].
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years. In part, this is due to perceived adverse workpiece surface
integrity issues, which are understandably a critical consideration
in the aerospace industry where the main tenet and focus is on
passenger safety [97]. Received wisdom [137] is such that even
today, despite the developments that have taken place in generator
technology (see Section 3.2.2), the thermal nature of the EDM
process and the resulting workpiece damage, with consequent
effects relating to fatigue life and performance, have stifled EDM
expansion. Additionally, the development and take-up of laser
systems for rapid hole drilling (initially partly dismissed due to
shortcomings in accuracy and hole quality), have limited/restricted
independently [170]. For WEDM, removal rates can be increased
producing high current peaks and short pulse durations and spe
transistor circuits were designed for this purpose in the 19
using high power MOSFETs. These do not use capacitors but cre
high current levels by controlling the direction of current supp
to the gap from high power units. For die-sinking EDM, discha
durations are longer than with wire machining which can fav
lower electrode wear, but the same principle can be applied
maintain a given current level by alternating current delivery fr
the power source at high frequency. For finishing sequen
relaxation discharges are commonly employed, as the goal i
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imise both the peak current and duration of machining sparks.
 high frequency, low energy discharges can also be produced
ever by controlled-pulse circuits using only transistors, the
e energy being defined by the gap capacitance.
odern transistor-based generators use high power MOSFET

sistors and ultra-fast recovery diodes for generating peak
ents up to 1000 A with durations in the range of microseconds.
rder to achieve such performance, state-of-the-art machines

 very low line and machining zone inductances below 0.5 mH,
ing rising current slopes up to 600 A/ms. The transistor-based

its can also be designed to produce trapezoidal pulses for
easing the pulse energy for roughing operations, see Fig. 29.

 wire cutting systems, material removal rates on straight cuts
 ferrous alloys of up to 600 mm2/min are possible when
loying such configurations. However, triangular pulses with
emely short durations are often preferred in aerospace as they
imise the heat transferred to the work-piece and produce high
grity surfaces devoid of cracks and with reduced tensile stress
r finishing operations. For applications involving intermediate
hness (between 0.15 and 0.8 mm Ra), similar results can be
eved with modern capacitor-based generators by exploiting
line to the machining zone as a source of capacitance and as a
ns for minimising the circuit inductance, thus achieving very

 ratios of peak current to pulse width [51]. For polishing
ations and micro-machining, very high speed MOSFET and
very diodes are used for achieving pulse-widths of the order of
s at repetition frequencies of the order of 10 MHz, with peak
ent values around 1 A [77]. An example of such a circuit is

n in Fig. 30. Under such conditions, surface roughness down
.03 mm Ra can be achieved in tungsten carbides and 0.08 mm
n steel, with almost zero white layer thicknesses.

ther key features of modern generators relate to their ability
ckle corrosion problems by introducing alternative ignition

ages such that the mean value during operation is nil (Fig. 30).

Wire machines are used but on a limited basis for operations such
as blank aerofoil tip machining, however future use for machining
blade mounting slots in discs is understood to be under evaluation
by a number of leading aerospace manufacturers (see Section
3.2.4). Published evidence for hybrid EDM use in production is slim
other than for GE’s announcements concerning Blue ArcTM (see
Section 3.2.5), and while there appears to be growing academic and
related interest in employing vibration assistance as a means to
increase EDM productivity. Commercial duplex/combination
systems allowing for example the option for EDM drilling and
laser ablation in a single machine already exist and are intended for
applications such as HP turbine blade and vane machining where
laser ablation can be used for removing any thermal barrier coating
prior to drilling parent material [209].

Machine tools designed for specific production operations are
generally less versatile than their mainstream counterparts but are
usually more productive for the particular task at hand. Limited
flexibility is however afforded by multi axis CNC capability. An
example is shown in Fig. 31, which details an EDM unit designed for
machining holes (0.3–3.0 mm diameter, round or shaped/oval) and
slots in turbine blades, vanes and segments. Variant models are able
to accommodate large annular parts such as combustors and multi
hole drilling operations involving up to 45 electrodes (depending on
diameter and spacing) operating simultaneously. As with machinery
intended for other manufacturing sectors, ancillary equipment/
systems for monitoring, probing and inspection are available. In
other commercial EDM drilling systems, the combination of an
individual tube electrode with a holder and positioning guide in a
single assembly, avoids the need to insert the electrode during
automatic tool changing, electrode rotation up to 1000 rpm
providing improved flushing and removal of debris [143].

3.2.3. ED-drilling/die-sinking EDM (SEDM)

The main areas for research involving die-sink EDM (SEDM)
configurations in turbomachinery manufacture are twofold. The
first is the machinability/optimisation of electrode type (such as
graphite grade) and generator parameters when machining
primarily Ti–6Al–4V [80,102,176,203,221] as well as a number
of nickel based superalloys including IN 100 [1], MAR-M247 [191],
single crystal nozzle guide vane (NGV) alloy C1023 [16] and g-TiAl
[95]. Statistical design techniques are typically employed i.e.
Taguchi, central composite designs, etc., when sinking seal slots
and similar features with the output measures relating to MRR,
electrode wear rate and some aspects of workpiece surface
integrity (predominantly surface roughness and recast layer
assessment). The second area involves the production of aerofoil
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Fig. 31. High speed EDM system and machine set-up for EDM drilling of blades and

vanes, (courtesy of Winbro Group, GF Machine Solutions).
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9. Basic arrangement of modern transistor-based generator and example of

mum peak current pulse for rough cutting (courtesy of GF Machine Solutions).
 anti-electrolysis configurations are currently used for the
hining of tungsten carbides, steels and Ti-alloys. For die-
ing operations, pulse shape characteristics have not evolved as

atically as in WEDM, progress being mainly at the process
rol level involving discrimination of spark quality and effect
wing signal analysis. Finishing operations have however,
hed the same level as in WEDM as both technologies use the
e type of hardware for final sequences.
he bulk of EDM machines used for gas turbine manufacture
prise drilling and die sink configurations (estimated �90%),
cting the component operations outlined in Section 3.2.1.
blade profiles for impellers and blisks using CNC multi axis milling
and electrode feeding strategies with both simple cylindrical
electrodes and more complex designs. Here the work relates to
development of cutter path strategies, together with bespoke
machine and fixturing arrangements [56,131,217]. In contrast,
publications on the more fundamental aspects of EDM use with
aerospace materials are minimal. An example is the work by Fonda
et al. [66] concerning the influence of the thermal and electrical
properties of Ti–6Al–4V on EDM productivity, where low duty
factors (<10%) are shown to be optimal in order to maximise
productivity and workpiece quality.
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As outlined in Section 3.2.1, cooling holes, seal slots/grooves,
deflector rails, damper grooves and tip recesses on shroudless
blades and wedge pockets are the main features machined using
EDM, with cooling holes being used extensively on turbine blades,
combustors and NGV’s in order to ensure adequate gas flow/
cooling to enable the engine to operate at higher temperatures and
hence more efficiently. Typically holes are machined in rows and
groups either singularly or simultaneously with multiple electro-
des, and vary in size from 0.3 to 1.0 mm, necessitating electrode
diameters as small as �0.2 mm. Corresponding wall thickness
typically varies between 1 and 4 mm. Additionally, diffuser holes
may be required with a 3D conical profile at hole entry. Electrode
materials are predominantly solid tungsten or brass tubes with
both commercial hydrocarbon oils and deionised water being used
as the dielectric fluid depending on the machine system employed.

Examples of gas turbine components having features machined
by sinking operations are shown in Fig. 32 and include various seal
slots in blades and stators as well as wedge pockets on blades. The
machine tools used can be more general purpose than for drilling.
Electrode materials include copper and graphite (�10 mm grain
size) with the dielectric fluid at present principally hydrocarbon oil
(synthetic or mineral), although it is understood that the
associated environmental issues are a concern.

The general capabilities of SEDM to machine dedicated
turbomachinery alloys – in terms of achievable MRR – has recently
been analysed at WZL in representative analogy experiments for
different geometrical features (Fig. 33). Achievable MRR for
constant machine set-up but material specific individually
optimised machining of both blisk gaps and seal slots are
presented. As basic result it can be concluded that Ni-based alloys
generally possess higher maximum MRR during SEDM compared
to Ti-based alloys (in contrast to conventional cutting operations).

In addition, the significant increase of process capabilities in te
of achievable MRR due to latest advanced generator technol
improvements are exemplarily detailed for the machining of b
gaps for Ti-17. Comparing standard Ti-alloys and g-TiAl it can
stated that during seal slot roughing, considerably higher MRR 

achieved for 45XD compared to Ti–6Al–4V. Thus, SEDM – wi
high degree of geometrical flexibility – is a viable manufactu
option for future filigree designs of components especi
involving new difficult-to-cut alloys.

3.2.4. Wire-EDM

Developed in the late 1960s, WEDM is one of several pro
configurations where a continuously travelling wire is used inst
of a solid tool electrode, for through section cutting of workpie
Wires are typically uncoated or coated (predominantly zinc based
higher conductivity in the enlarged spark gap) brass, altho
materials such as molybdenum and tungsten are available wh
specific properties are required. Without doubt, the largest appl
tion area for WEDM is the mould and die industry. Other impor
markets include the machining of ultra-hard PCD and PCBN cut
tool blanks, biomedical instruments and precision/micro device

Unlike conventional ED-die sink/drilling, the use of WEDM
the manufacture of turbomachinery components is curre
minimal and confined to either noncritical features or th
subject to post processing operations. Established applicati
essentially include the machining of titanium blisk aerofoil t
the breakthrough of nickel based superalloy stator vane rings 

little else. The reluctance in adopting wider utilisation of WE
has partly stemmed from slower material removal rates (co
pared to traditional cutting processes), but more crucially 

prevailing perception of poor workpiece surface integrity du
the thermal nature of the process.

Aided by the significant innovations and progress in genera
wire, system control and monitoring capabilities over the last �
years, the case for greater uptake of WEDM by the turbomachin
sector is growing, in part prompted by the increased pace
academic/industrial research over the past decade involving ni
based superalloys and titanium alloys. Much of this early w
centred largely on the use of statistically designed experime
(Taguchi, response surface methodology) and modelling/optim
tion techniques (artificial neural networks, Pareto analysis)
determine preferred operating parameter levels for maximi
MRR and improving workpiece surface roughness [84,157,166].
reported trends with regard to the influence of varying machin
conditions on response measures were essentially similar irresp
tive of the workpiece material assessed. The lack of associa
workpiece surface/subsurface integrity results however, preven
any meaningful assessment of process feasibility for turbomach
ery components, with experiments generally confined to stand
single pass cutting and the resulting surface roughness va
>2 mm Ra, well above acceptable tolerances (Ra � 0.8 mm) [10

More recently, research has been carried out to evaluate 

potential of WEDM for the manufacture of fir tree or dove
profiled blade root mounting slots in turbine/compressor discs,
Fig. 34, which are presently finish machined almost exclusively
broaching. While there are relatively few alternatives for finish
slots, several viable options exist when roughing, some of wh

Fig. 32. Industrial gas turbine components machined using EDM (courtesy of

Siemens Industrial Turbomachinery).
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Fig. 33. Typical maximum material removal rates for Ti- and Ni-based alloys during

SEDM roughing operations. Based on [113].

Fig. 34. (a) Sample blade mounting slots profiles in discs and (b) WEDM of fir tree

root slot demonstrator [177].
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currently used in production including conventional milling,
p feed grinding (CFG) and abrasive waterjet cutting (AWJC)
49]. When finishing, point grinding using small diameter
led electroplated superabrasive wheels has been extensively

uated, however the scale of industrial implementation is
nown [15]. The concept of utilising WEDM for producing fir

 root slots was briefly outlined in a paper published in the mid-
0s [47], however there were no indications that the technology

 sufficiently mature at the time to be implemented commer-
y by any of the major aeroengine manufacturers.
spinwall et al. [14] reported preliminary experimental work
g a high specification ‘minimum damage’ WEDM machine to
stigate the influence of a combined roughing and multiple trim/
hing cut strategy on workpiece surface integrity when
hining 10 mm thick Inconel 718 and Ti–6Al–4V material.
ontinuous/non uniform recast layers were observed following
main roughing pass, with average thicknesses in the region of
10 mm for Inconel 718 and Ti–6Al–4V respectively. These were
d to decrease steadily with successive trim cuts and near
age free surfaces (essentially zero recast) were produced after 4
hing passes with workpiece surface roughness between �0.2
0.4 mm Ra achieved after the final trim cut. Analysis of cross
ional micrographs revealed no obvious signs of subsurface
ostructural alterations or thermal degradation with minimal

ation in microhardness, the low energy high frequency/short
tion discharges (>1 MHz for the third and fourth finishing cuts)
ntially only removing the damage from preceding cuts without
cting any additional thermal degradation on the workpiece.
he results stimulated further in-depth research encompassing
M of Udimet 720 and Ti–6Al–2Sn–4Zr–6Mo (Ti-6246)

engine alloys [9–11,177]. Here workpiece thickness was 30–
m, which is representative of typical dimensions in disc root
. Surface roughness and recast layer thickness following the 4

 cut strategy did not exceed �0.5 mm Sa and 2 mm respectively
ny of the samples evaluated, the latter being easily removed
g a post-etch operation. Residual stress measurements
aled a near neutral state (<90 MPa) at the machined surface
both the Udimet 720 and Ti-6246 specimens following the
th finishing pass, despite the former being highly tensile
00 MPa) after roughing. Furthermore, depth profile analysis

ed that the tensile residual stresses did not extend beyond
–50 mm below the machined surface.
ollowing modification of generator pulse profiles and manipula-

 of operating parameters, tests were performed involving a rough
2 trim cut strategy using both uncoated and zinc coated brass
s in an attempt to improve process productivity  [10]. Comparable
lts were obtained with the updated 2 trim cut procedure, where
age recast layer thickness reduced from �8 mm after roughing to
m in both the Udimet 720 and Ti-6246 workpieces, see Fig. 35.

larly, surface roughness was maintained at �0.6 mm Ra while
ce residual stress levels were almost neutral (<80 MPa) after the

nd finishing pass. In addition, significant increases in removal
s were recorded (40% for Udimet 720 and 70% for Ti-6246) when
hing using coated wires over uncoated brass, with no appreciable
ge to workpiece surface integrity.
s detailed by Jawahir et al. [97], the influence of machining
ations on surface integrity and the subsequent knock on effects

on fatigue strength/endurance is of paramount importance, espe-
cially where safety critical components or those subject to cyclic
loading are concerned. In room temperature high cycle fatigue (HCF)
tests on rough and finish (using 4 trim cut strategy) wire machined
Udimet 720 specimens together with flank milled samples [11], the
run-out stress of the rough WEDM specimens after 1.2 	 107 cycles
was only 0.39 of the materials ultimate tensile strength (UTS),
however the finish specimens recorded a value of 0.59 UTS and the
flank milled samples 0.65 UTS, see Fig. 36. The marginal difference in
fatigue life between the finish WEDM and milled samples was
mainly attributed to the presence of compressive surface residual
stress (approx. �220 MPa) in the latter, although the difference was
not statistically significant. Complementary trials to assess the effect
of finish WEDM on fatigue performance of Ti-6246 samples yielded
similar results, see Fig. 36, [177].

Parallel investigations carried out by researchers in Germany
[105] to compare the fatigue life of WEDM against ground Ti–6Al–4V
surfaces highlighted superior performance in the former. This was
somewhat surprising, particularly as associated surface integrity
assessment indicated lower surface roughness levels (0.17 vs.
0.25 mm Ra) and a smaller region of heat affected zone (8 vs. 20 mm)
in the ground samples. However, high stress concentrations at the
edge of sharp cracks observed on the ground surfaces was suggested
as the likely reason for the poorer fatigue limit recorded.

In further work by Klocke et al. [106], the reliability and
repeatability of a 3 pass WEDM strategy (rough, finish and polish
cuts) developed for Inconel 718 was investigated. A series of four fir
tree shaped root slots were machined sequentially using uncoated
brass wire on a 40 mm thick test block, to mimic a typical turbine/
compressor disc section. Cross sectional evaluation of the final cut
surfaces (<0.8 mm Ra), showed no evidence of recast layer
formation, cracking, porosity, phase transition or microstructural
alterations. Precision checks to ascertain accuracy of the machined
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Fig. 36. S–N fatigue curves for Udimet 720 and Ti-6246 specimens. Based on

[11,177].
5. Cross sectional micrographs for (a) Udimet 720 Rough cut, (b) Udimet 720

 Cut 2, (c) Ti6246 Rough Cut, (d) Ti6246 Trim Cut 2 [10].
profile was also performed, with results showing that the cut
geometry was within a tolerance band of �5 mm, see Fig. 37. The
mean cutting time per slot however was quoted at �71 min, which is a
relatively slow rate of production compared with alternative processes
[113]. Process optimisation (including use of coated wires and
modification of generator settings) reduced this value to 40 min, with
anticipated potential for further improvement [107]. Associated high
cycle fatigue bending (HCFB) tests were carried out by Welling [207] to
compare the performance of the optimised WEDM technology against
broaching and grinding when machining Inconel 718 samples. Despite
higher mean surface roughness values on the WEDM (0.7 mm Ra)
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compared to broached (0.28 mm Ra) samples, the failure bending
moment was found to be equivalent, see Fig. 37. The fatigue limit of
both processes was however �35% lower with respect to grinding. Not
all recent work however has shown damage free surfaces following
WEDM [128]. Recast layers �3.3 mm thick with a roughness Ra of
1.25 mm after 3 trim passes are reported when machining Inconel 718.
Other recent research work focusses on the analysis and optimisation of
WEDM for Ti–6Al–4V and g-TiAl [120,167].

3.2.5. Process and machine tool adaptations for specific tasks

The limitations of EDM in terms of material removal rate (MRR)
and the dichotomy between attempts at greatly increasing
productivity while maintaining or achieving an acceptable work-
piece roughness and integrity, are outlined by Wei and his co-
authors [205]. These include the fact that with standard EDM
systems, pulse mode operation is such that material removal does
not occur 100% of the time. Furthermore, an upper boundary exists in
relation to the maximum current level that can be usefully applied
without compromising process stability, although generator devel-
opments over the past decade have enabled ED wire machines to
operate with peak currents of 1000 A and slopes of up to 600 A/ms as
reported in Section 3.2.2. Even so, with die sink and related drilling
operations, excessively high current levels can adversely affect
workpiece topography and electrode wear, the associated crater
debris producing arcing in the typically narrow inter-electrode gap,
and servo instability. Here removal performance is highly dependent
on electrode type and geometry, cavity shape and dielectric flushing,
and while a stock removal rate of �1 cm3/min is possible in steel, for
industrial applications involving aerospace materials such as
Inconel alloys, removal rates of up to 0.2 cm3/min (with relative
wear below 0.3%) are more realistic.

Improved MRR has been reported with a number of hybrid EDM
processes, the most significant relating to erosion systems employ-
ing continuous arcing or a combination of controlled arcing and
discharges, as a consequence of the higher energy densities that are
possible compared with spark discharges alone. Textbook entries
relating to electroerosion arcing (as opposed to plasma arcing using a

encompass re-deposited material, cracking and a recast la
(typically 50–100 mm but can be greater depending on arc
energy and electrolyte/fluid used), with consequent changes
workpiece microstructure and microhardness.

Commercial machines utilising arcing to rapidly section la
forging blanks, honeycomb structures, castings, extrusion p
ducts, bar stock, etc., in a range of difficult to cut mater
including stainless steels, nickel and titanium alloys, appea
during the 1960s both in the Soviet Union and USA 

subsequently in Japan [150]. In contrast to EDM developm
and growth however, their use was not mainstream or widespr
the main focus of application during the late 1980s and 

appearing to be in the decommissioning of atomic reactor press
vessels, where any workpiece damage (typically recast la
material and cracking) and relative inaccuracy resulting from
thermal erosion process, was of little concern.

Reported in several papers on high efficiency electrical eros
the electro-melting-explosion process outlined schematically by
[219], bears some similarity with the AS systems reported ab
having voltage and current values when rough processing of 25–2
and 1600–3000 A respectively, but with the option of fine proces
at 1–9 V and 1–90 A. The intended workpieces include ni
and titanium alloys with the preferred working fluid, a 

concentration aqueous electrolyte. Gap details during non-con
processing are quoted as 0.01–0.1 mm but with acknowledgem
that short duration mechanical contact between the workp
and rotating tool disc (5–2000 mm in diameter and from 1 to 40 

thick) may aid processing. Whether the process has been comm
cialised is unknown. Although limited by modest generator po
availability and flushing constraints, AS work reported by Paul e
[151] was aimed at effecting fast bulk metal removal of nickel ba
alloy for aeroengine component applications. In contrast to the m
familiar cut off operations, the paper details profiling and slot
using 10 mm thick plain and shaped disc electrodes. Workp
surface integrity evaluation indicated a maximum white la
thickness of 55 mm with cracks propagating to �40 mm.

More recent publications cite applications directly relevan
turbomachinery manufacture, in particular the rapid ro
machining of aerofoil blades in blisks using high speed electro
sion machining (HSEM/Blue ArcTM). Cylindrical electrodes are u
with through flushing capability, material removal occurring
transient arcing through an electrolyte, though not one contain
sodium silicate, see schematic in Fig. 38. Multi axis tool p
movement incorporating dynamic tool wear compensation
employed to ‘end mill’ the aerofoils with a ball nose tool on a la
by layer basis. The figure shows an example of HSEM blade ‘mill
together with sample microstructural damage on Inconel 718. 

process is detailed as 15–20 times faster than EDM milling, up 

times faster than conventional milling and able to remove upwa
of 200 cm3/min when operated in a pseudo grinding mode wi
25 mm thick rotating disc electrode [205,222].

Fig. 37. Precision WEDM machining of fir tree slots and analysis of workpiece

functionality via bending fatigue tests, [106,207].
 arc
her

 3D

Fig. 38. Schematic of HSEM/Blue ArcTM process mechanism and machining of

superalloy blisk (Inconel 718) workpiece [205,222].
gas assist) as a means to remove material are limited, but where they
do occur [137], arc sawing (AS) or less accurately, electrical discharge
sawing (EDS), is often detailed involving a thin steel band or rotating
disc electrode. However whereas standard EDM uses a dielectric
fluid, AS systems generally employ a solution of highly conductive
sodium silicate (water glass �20,000 mS/cm) or alternatively water
(�1000 mS/cm) or air, with a DC generator providing a low voltage
(6–60 V), high current (200–15000 A) supply. Additionally the feed
may be constant/uniform or servo controlled. Workpiece accuracy
and roughness are less controllable than for EDM and machined
surfaces are subject to greater thermal degradation which can
The research reported by Zhao et al. [227] on blasting erosion
machining (BEAM) bears some comparison through its use of eit
a bundle of graphite tube electrodes (Fig. 39), which can provide a
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ed end face or a laminated electrode with slotted surface and
tiple inner holes. In cavity machining of Inconel 718, a material
oval rate of 11.3 cm3/min is quoted for a current of 600 A and an
ime of 2000 ms using transitory/intermittent rather than steady

 arcing. A prerequisite for successful operation is the use of high
city flushing with the water-based dielectric to induce strong
rodynamic forces into the gap in order to periodically distort and
k the plasma column and blast away molten material. Tool wear

 is detailed as less than 3% with the thickness of the heat affected
 less than 200 mm.
or increasing productivity the simultaneous machining of seal

 in different parts (fairings, panels, etc.) in one machine set-up
ate-of-the-art. In addition units for vibration-assisted machin-
of such slots are under development (Fig. 40).

esearch involving ultrasonic assisted EDM (USM/EDM) and
rly that relating to lower frequency vibration assisted EDM,
shown there to be significant benefits in drilling/die-sink
ations in terms of increased MRR/reduced machining time,

eased penetration depth, a reduction in the incidence of arcing
ther with improvement in sparking efficiency, thinner recast
r and heat affected zone and in some cases reduced tool
trode wear, principally as a result of improved flushing and
rance of debris from the spark gap. In the early 1980s, Kremer
. [116] in trying to resolve some of the limiting issues of EDM

 as poor dielectric circulation and the evacuation of debris and
es especially with intricate electrodes, showed that using an
trode vibrating at ultrasonic frequency � 20 kHz allowed
er penetrations and higher feed rates in die sink operations.

 penetration when using a graphite electrode to machine a
l workpiece increased some 30% when roughing and 300%
n finishing. Subsequent publications [117,129,142,186] all
lving vibration at ultrasonic frequencies (20–23 kHz) with
litudes ranging from 3 to 30 mm, both with and without
sive particles dispersed in the dielectric fluid, detail positive
fits for the USM/EDM approach. The paper by Lin et al. [129] is

icularly relevant, the MRR when USM/EDM Ti–6Al–4V with a
ersal of 3 mm SiC in distilled water dielectric (90 g/l) being

Results for lower frequency longitudinal tool vibration reported
by Prihandana et el. [155] and Uhlmann and Domingos [192] are
similarly positive, with data for the former when operating at
600 Hz and 0.75 mm amplitude with a 12.5 mm Cu tool electrode,
suggesting a 23% increases in MRR and lower workpiece roughness
and tool wear rate when machining SS304 stainless steel. In the
latter paper, twin piezo-actuators are detailed for the machining of
high aspect ratio seal slots in MAR–M247 using graphite electrodes
vibrating at up to 1000 Hz with amplitudes from 2 to 16 mm
achieving increased MRR and reduced wear.

Further specialised machine equipment has been developed for
the flexible machining of radial stator ring cut-outs for blading
fixturing with workpiece diameters up to 2000 mm via WEDM
(standard precision adequate) (Fig. 41).

3.2.6. Outlook and future perspectives

With productivity as a key driver, the move to develop specialised
EDM equipment in addition to adapting and optimising standard
systems for the manufacture of turbo-machinery components [165]
is likely to continue. There is little evidence at present of operating
modes such as ED-milling, which is able to utilise simple electrodes,
being used in practice, however this may change due to recent
developments in hybrid processing, especially where the operation
involves only roughing. The considerable volume of data generated
in the past 6 years relating to surface integrity and fatigue life, clearly
points to WEDM as a potentially viable process to more traditional
manufacturing techniques for turbomachinery components. Addi-
tional benefits relate to the possibility of 24 h unmanned operation,
the flexibility afforded by the software driven process nature in
respect of part design changes together with real time condition
monitoring procedures. In terms of product miniaturisation, EDM
can offer advantages especially for the machining of ceramic
components [130,228]. While minimum damage cutting of various
nickel and titanium alloys has been demonstrated, producing
acceptable surfaces in materials such as g-TiAl using EDM is more
problematic. Poor surface integrity characterised by long/deep
cracks which propagate along the grain boundaries into the bulk
material as described by Mantle et al. [133] in the late 1990s,
remains true, even when using more up to date generator
technology with multiple trim cuts.

Despite some six decades of R&D work, current use of controlled
electroerosion arcing for turbomachinery manufacture appears
extremely limited. Recent work has shown the possibility of
significant productivity benefits in specific applications however
the lack of process capital/operating cost data, the scarcity of
suitable commercial machine tools and the adverse accuracy and
workpiece integrity associated with the process need to be
addressed for the process to have greater impact.

9. Blasting erosion arc machining (BEAM) using bundled graphite electrodes

ugh machining of blisk slots. Based on [227].

0. Simultaneous machining of several seal slots in one set-up and schematic of

piezo graphite electrode unit for vibration assisted EDM machining with

ard interface. Based on [138,192].

Fig. 41. Machine equipment for flexible machining of blading cut-outs in stator

rings, (courtesy of Exetec/Ona Electroerosion).
e that of conventional EDM. Here the concentration of abrasive
eported as critical, with too much producing unstable
harges. Complementary research with wire machine config-
ions also detail improvements in performance, Guo et al. [76]
rting cutting efficiency increased by 30% and reductions in

 workpiece surface roughness and tensile stress when
ating the wire at 35 kHz with amplitudes up to 12 mm.
ewhat less striking are the results reported by Han et al. [78]
n ultrasonically vibrating a Ti–6Al–4V workpiece (in cutting
ction). Here the benefit in MRR compared with standard EDM
oted as �10%.
3.3. Photonic processes I: additive manufacturing

3.3.1. Overview

Additive Manufacturing technologies (AM) enable the build-up of
complex objects by the repeated application of thin layers, see Fig. 42.
Compared to conventional subtractive processes, economic efficien-
cy is possible with quantities starting from 1, being substantially less
dependent on the part geometry. AM originated from the manufac-
ture of prototypes (Rapid Prototyping), but is being increasingly
employed for small-scale series production (Rapid Manufacturing)
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and tooling applications (Rapid Tooling). Deposition procedures are
capable of locally applying and solidifying the base material (metallic
powder or wire) on a part, rendering this technology extremely
efficient for repair applications. In powder bed metal-based
procedures, flat layers of base material (i.e. metallic powder) are
applied for the complete build area. In a second step the current part
cross section is solidified by selected heat input through laser beam
melting (commonly called selective laser melting - SLM) or electron
beam melting (EBM). The principal limitations of the approach
include the requirement for additional support structures to ensure
proper heat dissipation and to reduce distortions. Build-up of
overhanging structures therefore requires advanced process knowl-
edge and is followed by additional post treatment steps. The basic
process mechanism is detailed in a paper by Kruth et al. [118].
Development of AM for aeroengine and turbomachinery production
started in the 1990s [212]. Besides prototyping, tooling and jig
applications, the direct manufacturing of serial parts is of major
interest due to increased deposition rates as well as improved
material properties [210]. Volume build rates of up to 10 cm3/min for
Inconel 718 are feasible in layer-wise laser cladding AM [69,211]. To
overcome admission restrictions especially in the aerospace sector, a
great deal of effort has been put into qualification [223], testing and
certification of additively manufactured parts including develop-
ment of online quality assurance systems [45].

The additive manufacturing technologies, see turbomachinery
examples in Fig. 43, offer new possibilities for product design
(complex shapes, hollow spaces, undercuts) while simultaneously
allowing for a significant cost and weight reduction [160]. MTU
Aero Engines is using AM for a wide range of parts, e.g. vane
segments and honeycomb structures for rigs and ‘‘ground only’’
engines [82]. The production of the first flying component, a
boroscope eye for the PW1133G NEO started in 2013 [121].

General Electric (GE) Aviation is also moving towards serial
production and recently announced the manufacture of a leading
edge for blades and a fuel injector in 2013 [213]. By 2020, GE is

(see Fig. 44), organic shapes or geodesic structures during 

manufacture of diverse turbomachinery components (bla
vanes, shrouds and according segments, blisks, casings, tu
and brackets, nozzles, liners, etc.) [3,6].

As an example for future application, a new approach
compressor casing design was discussed [12]. Here, aux
structures (i.e. materials with negative Poisson’s ratio) are u
to reduce the relative tip clearance by adapting the behaviou
the casing to that of the rotor, see Fig. 45. The reduction of rela
tip clearance resulted in an increase in compressor efficiency. 

to the fact that the fabrication of auxetic structures is difficul
even impossible with conventional manufacturing techniques,
application of additive manufacturing technologies (SLM or EB
is proposed. The design freedom provided by additive manufac
ing can in the future be used for the fabrication of hollow ro
blades resulting in a decrease of total engine weight. Furtherm
the variation of wall thicknesses makes it possible to shift cer
blade eigenmodes in order to reduce the total vibrational loa

3.3.3. Process development

Additive processing of Ni- and Ti-based alloys used
turbomachinery applications is mainly done via SLM or EBM
laser processing, the absorption of a high intensity near infra
(NIR) beam causes the metallic powder particles to melt and for
continuous bond between subsequent scan tracks while coo
down from melt temperature. Absorption is dominated 

Fig. 43. AM manufactured vane segment with honeycomb seal structure [54],

functional prototype of In 718 combuster swirler [103] and In 718 impeller blading

build on pre-machined part [216].

Fig. 44. Method for fabricating gradient alloy parts with multi-functional prope

Based on [230].

Fig. 45. Position of the auxetic structures in a double-walled split casing

reducing the relative tip clearance. Based on [12].

Fig. 42. Additive Manufacturing by Selective Laser Melting SLM [courtesy of IWB]

and Laser Metal Deposition LMD [69].
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scheduled to produce more than 100,000 additively manu-
factured components for its LEAP and GE9x engines. Of major
interest is a design optimised fuel nozzle, which is �25% lighter
and five times more durable than conventionally manufactured
fuel nozzles [71]. NASA uses additive technologies to build various
parts of space launch systems and considers Selective Laser
Melting (SLM) to be the manufacturing future [92].

3.3.2. Future applications

AM is expected to have considerable potential due to increased
design opportunities that include graded workpiece properties
multiple reflections at individual powder particles, which ma
the absorption of NIR laser beams in powder layers significa
more efficient than for bulk material. In SLM, an inert gas flow
slightly over pressure is used to prevent oxidation and to rem
sputter particles ejected from the process zone. The solidifica
mechanisms [118] are controlled by the melt flow behaviour 

wettability and can be varied by the applied scanning strat
Since focal diameter, powder grain size and layer thickness ar
the same order of magnitude, filigree turbomachinery compone
can be fabricated to precision of 100 mm with commerci
available system technology.
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uring solidification the size of the melt pool is mainly determined
he heat conduction through the solid because the thermal
uctivity of the surrounding metallic powder is substantially
r [5]. In case of insufficient contact between adjacent layers,
ess instabilities may develop causing the ejection of melt droplets
sputter particles [135]. The melt’s temperature may rise

ificantly above the evaporation limit during material exposure
a plasma plume is formed which exerts a recoil pressure on the

 pool and increases the sputter activity [139].
ompared to a clear focus on high temperature Ni-base, Au- and
l materials, EBM technology developed by ARCAM AB has
red mainly on titanium alloys. Zäh and Lutzmann [224]
elled the EBM process and developed understanding of the
der blowing’’ effect caused by electric charging of the powder

icles. The technique requires a low-pressure vacuum or inert
atmosphere (10–1 Pa) in the processing chamber to reduce
trical charging of the surrounding powder bed [75]. By using
eating strategies, it is possible to process materials susceptible
racking. Preheating temperatures of up to 800 8C [173] are
ible, enabling the reduction of support structures through
ced thermal gradients. Additionally, using a split electron

 (the so-called multi-beam strategy) allows for high speed
essing compared to conventional hatching strategies used in
. The current system technology development in both cases
ses on high power beam sources and multiple scanning units
able the processing of materials with low absorbance and high

mal conductivity (i.e. Cu). Advanced exposure strategies
ivide the component into skin and core areas in order to
different process parameters. The skin section is usually
ified with moderate energy input and small focal diameters to
unt for filigree structures and optimised surface properties,
reas the core is exposed to high energy input and big focal
eters to increase the manufacturing speed. High power SLM

 tailored process control (skin-core) allows Inconel 718
ponents with relatively low thermal conductivity

 30 W/mK) to be manufactured with a density �99.5%. Hence,
se of lasers with output power of up to 1 kW enables build-up

s to be increased by a factor of 4, compared to conventional
 [136]. Advanced process and cooling strategies have also been
loped for the machining of complex blisk parts [211], with

cal examples shown in Fig. 46.

n many cases, EBM and SLM technologies do not fulfil
irements relating to surface quality or dimensional accuracy
, and post processing by means of conventional machining or
blasting becomes necessary (see Section 3.3.7). Current

between WC/Co and steel for use in tool construction has been
demonstrated [146,183]. Functionally graded zirconia Ni-based
alloy parts on Waspaloy substrates have successfully been built
[140]. Here, the mass fraction of Zr in the powder mixture increases
layer by layer with build height. This layer-wise change of powder
composition limits graded material transitions in one direction. By
using selective coating mechanisms, it is also possible to create
functionally graded materials in any desired orientation [146,147].

3.3.4. Mechanical properties and microstructure

The mechanical properties and microstructural features of
additively manufactured components are governed by the high
cooling rates during the solidification process, normally resulting
in small grain sizes. Since Inconel 718 is an age-hardenable
austenitic material, its strength is largely dependent on the
precipitation of the g0-phase. By appropriate heat treatments, the
mechanical strength becomes comparable to wrought material.

In the as-fabricated form, the material has non-isotropic strength
and strain properties. Upon hot isostatic pressing the microidenta-
tion hardness (HV) can be increased to approximately 6 GPa while
the recrystallization can reach up to 10 vol% [7]. The precipitation
strengthening of g0 and g00 and the inter-crystalline strengthening of
needle-like g-phase at the grain boundaries are the main reasons for
the high micro-hardness values seen in the Inconel 718 samples
fabricated by SLM and post age-hardening treatment [201]. The level
of microstructural defects (porosity, junction errors, etc.) can be
decreased by moving towards higher energy inputs (lower layer
thickness, lower scanning speed and higher laser power) and is
typically in the order of 0.01%. Additionally, advanced technologies
such as Selective Laser Erosion and Laser Remelting to improve
surface integrity are under development [218].

The right hand photograph in Fig. 47 shows that the
microstructure of Ti–6Al–4V processed by laser-based additive
manufacturing is mainly composed of acicular martensite (a0

phase). While the yield stress and the ultimate tensile strength are
relatively high, the ductility can be considered as low (<10%). Post-
process heat treatment can improve the mechanical properties of
the material by changing the microstructure and reduce thermally
induced residual stresses in the built part. Due to the fact that the
resulting microstructure differs significantly from bulk Ti–6Al–4V
alloy, other heat treatment parameters compared to forged or cast
Ti–6Al–4V are necessary [197].

Electron beam melted Ti–6Al–4V exhibits anisotropic behav-
iour of its mechanical properties according to studies performed by
Hrabe and Quinn [90,91]. Elongation in the vertical direction
(parallel to the electron beam) is detailed as �30% lower than is the

46. IN718 Nozzle Guide Vane studied for application of High-Power SLM

tesy of TurboMecca/136] and blisk demonstrator used for AM machining and

ng strategy development [211].
Fig. 47. Microstructure of as-fabricated In718 showing consolidation structure

(courtesy of IWB) and of EBM-processed Ti6Al4V [90].
arch activities focus on the optimisation of exposure param-
s and on statistical confirmation of material properties. It was

n that comparable part quality can be obtained when moving
ards higher layer thicknesses thereby increasing economic
iency [115]. Further research activities centre on the applica-

 of multiple materials in the same process to enable functional
ings or geometry adjusted material properties. By using laser
ding (see Section 3.3.6), the combination of different materials
roduce functionally graded parts was proven to be feasible for
ase alloys and Ti-based alloys by Domack and Baughman [58].

 SLM, the manufacture of metallurgically bonded joints
case for horizontally oriented parts. In contrast to classical
annealing where the microstructure is typically discrete a in
continuous b, the microstructure obtained by EBM was found to be
continuous a with discrete b.

Other materials like TiAl are also of interest for future jet engine
applications because of their low mass compared to nickel-based
alloys. While EBM produces parts with a relative density of
approximately 98% (above 99% after hot isostatic pressing), TiAl
components manufactured with SLM show poor mechanical
properties and a relative density of �97% due to cracks [197].
For Ti–6Al–4V densities up to 99.98% can even be achieved
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as-built. Further microstructural analysis of standard as well as
advanced alloys such as Ti–6Al–4V [41,220], Inconel 718 [184],
Rene41 [127] and TiAl [141] are detailed in several publications.

3.3.5. Quality methods

Currently, post-build inspection procedures account for as
much as 25% of the time required to produce an additive
manufactured engine component. However, by conducting in-
spection procedures during component build-up, a significant
acceleration of production rates is expected [70]. Common post-
build quality methods in aeroengine applications include, among
others, the verification of part geometry through noncontact
optical measurements. Since geometrical accuracy is crucial for
functionality, a great deal of effort has been put into reliable
determination of the entire external geometry. Testing for inner
defects is done through well-established non-destructive methods
like X-ray or ultrasonic inspection.

Taking advantage of the layer-wise build up procedure in
additive manufacturing, online monitoring can provide complete
part inspection during manufacturing. The principal approaches
can be divided into coaxial setups sensing the process emissions
directly at the current beam position with off-axis setups usually
monitoring the complete build substrate at regular intervals.

A coaxial setup, which focuses on monitoring the irradiance
emitted by the melt pool was developed by KU Leuven [46]. Since
the system uses the same scanning unit for material processing
and process monitoring, the detector elements are always focused
on the current process zone. The total melt pool area is identified to
be the relevant detection variable when analyzing process
irregularities. With regard to real-time process control, commer-
cial implementation of this system working in the kHz range is
currently under development [23]. The usable wavelength band is
however severely restricted to a small band around the laser
wavelength because the same optics have to be employed.

The feasibility of layer-wise process monitoring based on a micro-
bolometer IR-camera is shown for SLM by Krauss et al. [114].
Deviations in the laser melting process, occurring at a timescale  of
several tens of milliseconds can be detected by evaluation of
properties of the heat affected zone under idealised conditions.
Thermographic process surveillance, see Fig. 48, is particularly well
suited for investigating the heat balance and geometry dependent
heat accumulation resulting in inhomogeneous material properties
and residual stresses. In this regard, the understanding of mechanisms
of heat regulation [225] is of fundamental importance. For the EBM
process, an IR camera based approach has been developed [162,169]
focusing on the flaw detection directly after layer solidification. To
overcome the shortcoming of not being able to monitor the actual
solidification process due to metallization effects, Dinwiddie et al. [57]
analysed different materials for use as a continuously rolling window
for the EBM process. Further process monitoring approaches are
detailed in several other publications [27,40].

Worn turbine blades can affect the whole performance of 

system and cause a reduction of the turbine efficiency produc
high energy losses. Even minor damage on the tips of turb
blades can have major implications. In order to maintain a h
performance level, excessively worn turbine blades are eit
replaced or repaired. As these turbomachinery components 

made of high quality and therefore expensive Ni- or Ti-based al
[156], the repair of these parts is often first choice.

Laser cladding by powder injection is one possible technol
to restore for example the tips of worn turbine blades. Such la
based technology is known by various names e.g. laser m
deposition (LMD), laser engineered net shaping (LENSTM) or di
metal deposition (DMDTM). The LENSTM technology was de
oped at the Sandia National Laboratories in 1995 [126].
focussing a high power solid-state laser (in general fibre or 

laser) onto a metal surface, a melt pool evolves as a consequenc
absorbed laser light. From a powder nozzle that is either attac
laterally or coaxially to the focussing optics, metal powde
injected into the melt pool. This instantly changes to a liquid ph
after reaching the melting temperature. Because of the mov
laser focus, a movement that is determined by the feed direc
and feeding speed, the liquid metal re-solidifies and as a resu
weld track evolves on the workpiece surface. For protection 

transport, a chemical non-reactive inert gas such as argon
helium is applied to prevent oxidation of the metal powder du
the melting process. A detailed description of the laser m
deposition process and system technology can be found in sev
texts [132,190]. In Fig. 49, a schematic of the basic process setu
laser cladding by powder injection and an application exam
involving edge repair is displayed.

As described previously, LMD is an economical and hig
flexible repair technique which is already applied in 

turbomachinery industry [26], for example to build-up worn 

of turbine blades and labyrinth seals [18,161], see Fig. 50. Furt
examples are the reconditioning of groove walls on HPC fr
drums made of Ti–6Al–4V and Ti-6246 or the repair of flanges
HPT produced with Nimonic PE16 with Inconel 625 powder. Du
the minimal heat input from the LMD repair process, distortio
the component was almost completely avoided [103]. Proc
adaptations have been developed especially for the repair of
based superalloys with high Ti/Al composition in order to red
cracking susceptibility [26]. For the repair of aeroengine com
nents the Fraunhofer ILT in Germany for example has already b

Fig. 49. Basic setup of the laser metal deposition (LMD) process, based on [18]

example of application during edge repair [69].
Fig. 48. Thermogram of the heat affected zone after passing of an artificial flaw

during SLM [114].

Fig. 50. Blading repair (red boxes) with laser cladding: Turbocharger impeller [99],

gas turbine blade [69] and labyrinth seal features [159].
3.3.6. Repair cladding

The efficiency of machinery is directly dependent on the degree
of wear and/or erosion, which is an unavoidable result of usage.
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essfully certified by Rolls-Royce Deutschland for 15 different
ir applications [68].

n general, different approaches are possible for the repair of
n turbine blades, however coaxial powder nozzles have proved
e more suitable for this task than lateral arrangements [182].
major disadvantage of a laterally positioned nozzle is the fact

 the three-dimensional free moving space is limited and hence,
exibility of the process is reduced. Furthermore, the quality of
elding tracks produced with lateral nozzles strongly depends

he feeding rate direction, whereas those fabricated by applying
axial powder nozzle are not directly influenced by the feeding
 direction.
lthough coaxial powder nozzles are well-established in the

 of turbine blade repair, powder efficiency falls behind that of a
al powder nozzle [182]. As the materials of a turbine blade are
ious, different approaches have been developed to increase the
der efficiency of the repair process. For example copper
lds in which the tip of the blade is re-built up are used [182].
, not only material waste can be avoided but also the required

 for post-processing such as machining can be significantly
ced. Furthermore, the time for the repair process can be
eased by applying special optics. In order to produce weld
s of an aerofoil, laser focusing optics (generally referred to as

 optics) that can dynamically change the focus diameter
ng the process have been developed.
he laser cladding process is also an established technique for
ing applications. It has been used to generate wear-resistant
ings on the shroud shelves of turbine engine blades in order to
ease the wear resistance and lifetime of these components
]. Additionally, resistance against wear of certain part sections

be achieved with hard-facing by the use of laser cladding [159].
is context ceramic materials such as zirconium are applied to
sit a wear resistant protective layer.

. Post processing and finishing of AM components

n laser cladding additive manufacturing, only near net shape
ctures can be generated or restored, meaning that post-
essing, primary milling to achieve the desired surface quality
the final part geometry is always required. Hence, the

bination of laser cladding and machining is part of current
arch activities. For example since 2008, a UK based consortium
been developing a combined approach known as the
anufacture of high value products using a combined Laser

ding, Inspection and Machining (RECLAIM)’’ system [99].
in the Fraunhofer Innovation Cluster ‘‘TurPro – Integrative
uktionstechnik für energieeffiziente Turbomaschinen’’ in
any, similar repair as well as new part production process

ns have been developed including a complete CAx framework
oach [69]. Fig. 51 shows typical examples of subsequent post
essing of AM manufactured parts in order to achieve the final
tional macro and micro workpiece geometry. Additionally,

 technologies are also gaining interest as an alternative to
entional cutting and/or polishing or blasting operations.

3.4. Photonic processes II: laser drilling of cooling holes

3.4.1. Introduction

Approximately 5% of all industrial laser material processing
applications are laser drilling operations [25]. In this context, the
generation of cooling holes in gas turbines for aircraft as well as for
power plants is one of the most important, established drilling
applications. The steady progression of laser-based system
technology (e.g. laser sources, data preparation software, machine
control, positioning system, sensor devices, etc.) and the develop-
ment of novel laser drilling strategies, offering design freedom
together with its cost effectiveness has increased significantly
during the last decade. Assuming that suitable technology for
industrial series production is available, it is possible to drill
hundreds/thousands of cooling holes with high precision and of
variable diameter and shape in multi-material blades of complex
geometry, see Fig. 52.

One of the main challenges is drilling through multi-layer
material systems composed of metal coatings with at least one
ceramic wear protection layer without enhanced formation of
micro-cracks and thermal induced damage causing a removal of
the coating layers. Furthermore, to achieve significant cooling
performance the cooling holes are generally tapered or shaped.

3.4.2. Theoretical background

In general pulsed laser systems are applied for laser drilling
processes, where selection of the pulse duration depends on the hole
characteristics and the material being processed. In the field of laser
drilling of turbine components, pulse duration is normally of the
order of nano- or milliseconds. The required pulse energy basically
depends on the exact chemical composition of the material, the
material thickness and the desired hole diameter and shape. In this
context an increase of pulse energy generally causes higher drilling
rates, but a decrease of drilling quality such as enhanced formation
of melting deposits on the workpiece surface and hole edges.

The fundamental interaction mechanisms during laser drilling
are schematically illustrated in Fig. 53. A detailed explanation of
the different physical mechanisms is detailed by Poprawe [153].
Different physical mechanisms take place inside the irradiated
material volume depending on laser pulse duration and laser pulse

Fig. 52. Laser drilling of cooling holes: Nickel-based turbine blade coated with a

ceramic wear resistance layer with cooling holes [25] and cross-section of a cooling

hole drilled in a CMSX-4 turbine blade coated with a MCrAlY and zirconia wear

resistance layer [89].

Tm
t

d
Tv

Melt-
explusion

T
Tv

/Vapor
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drilling
1. Examples for subsequent post processing of functional surfaces on AM

factured components: Near-net-shape HPC In718 blade mock-up [69] and

l-based vane segment [159].
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Fig. 53. Physical interaction mechanisms during laser fusion drilling and laser

sublimation drilling. Based on [153].



ges

the
ller
g a

am.
ess

ring
iece
lled

 an
ove
the
The

 to
 in
not

 for
r. In
me-
.

ion

one
nly

 an
]. In
ove
25].
ing
ast,
ver,
her
line
ely
87]

n as
ing

 be

ped
aser
rent
ced

 the
ted

 an

721
peak intensity. The dominating effects causing material removal
are melting and vaporisation. Assuming a temporal and spatial
Gaussian intensity distribution of the incoming pulsed laser beam,
vaporisation occurs in the hole-centre and melting in surrounding
material sections. For a laser peak intensity of approximately
106 W/cm2 and pulse durations of the order of several milli-
seconds, melting is the dominating effect being responsible for
material removal and hole formation.

Initially, the irradiated material is heated up to its melting
temperature and a significant melt pool evolves. As a consequence of
further energy input vaporisation occurs. Along the drilling axis a
dense vapour plume is formed that cannot pass the molten material.
Due to recoil of the vapour plume, the melting at the bottom of the
hole is continually accelerated and the molten metallic material is
expelled along the hole edges. The expulsion of molten vapour
material is assisted by applying an inert gas process-stream.
Although typically coexisting with vaporisation, the dominating
effect is melting and the process causing material removal is melt
expulsion. In this context, the drilling process is denoted as fusion or
heat drilling. As a consequence of melting, expulsion of small re-
solidified particles remain at the hole edges. To achieve typical
cooling hole depths of between 8 and 25 mm, a sequence of several
laser pulses are required. Furthermore, additional post-irradiation is
necessary to remove the re-solidified particles from the edges of the
holes and to achieve improved hole quality.

With a further increase of laser peak intensity greater than
106 W/cm2, sublimation drilling occurs. In this case, the dominat-
ing effect causing material removal is ablation by vaporising
plasma formation. In this context, the applied peak intensity has to
exceed a material-dependent threshold value. To achieve such
high intensities, shorter laser pulses are required. A system
suitable for sublimation-drilling is a Q-switched Nd:YAG laser with
pulse durations of the order of 10–100 ns. A detailed explanation of
plasma formation and resulting material removal can be found in
the literature [132,153].

3.4.3. Drilling operations

Industrially established laser drilling operations include single-
pulse drilling, percussion drilling, trepanning and helical drilling.
For cooling holes in turbine blades the relevant drilling operations
are percussion drilling and trepanning [25]. Furthermore, there
exist different approaches to drilling holes of complex shape and
varying diameters by combining both. The principles of trepanning
and percussion drilling are schematically shown in Fig. 54. A
detailed theoretical description of the drilling technologies is
presented by Poprawe [153] and Majundar [132]. During the
drilling process, an inert process gas stream protects the focusing
optics. The gas stream is also employed to assist material removal
and to prevent oxidation and necking of the holes by melting
deposits from ablated material.

and the amount of ablated material recombining at the hole ed
and on the workpiece surface [125].

When trepanning, the laser beam is rotated relative to 

workpiece, whereby the laser spot diameter is distinctly sma
than the diameter of the hole. A hole is generated by removin
cylindrical core during one circulation of the focused laser be
Technically speaking trepanning is a laser-based hybrid proc
involving classical drilling and laser cutting. Additionally du
laser spot circulation, the angle of incidence on the workp
surface can be varied by influencing the taper angle of the dri
hole [24]. Tilting the focused laser beam is realised by
arrangement of rotating optical components, for example a d
prism with a defined beam displacement at the entrance of 

optical element, or by means of tilting reflective optics [24]. 

principle of a rotating laser spot provides the opportunity
generate holes with high reproducibility and high flexibility
terms of the hole design. For instance, the hole diameter is 

directly related to the laser spot diameter as is the case
percussion drilling. Furthermore hole shape can be non-circula
comparison to percussion drilling, trepanning is more ti
consuming and the heat input into the turbine blade is larger

3.4.4. Generation of complex cooling holes via process combinat

Two types of cooling holes are used for turbine blades, 

shaped like conical nozzles the other cylindrical holes where o
the exits possess a conical shape. This latter type affords
improved cooling performance based on effusion cooling [154
this case a thin film of cool air originates above the aerofoil ab
the hole edges, resulting in an increase of thermal shielding [
This significantly increases turbine entrance temperatures giv
higher overall efficiency and reduced fuel consumption. In the p
such cooling holes were exclusively fabricated by EDM howe
laser drilling is increasingly being used due to its hig
productivity (shortest machining times), superior production 

capability and greater flexibility. While EDM has comparativ
lower machine tool costs, parallelised machining capability [1
and better process control in terms of break through detectio
well as reduced heat affected zones, it is limited to the machin
of electrically conductive materials and therefore cannot
applied for ceramic-coated turbine blades.

A method to drill cylindrical cooling holes with conical sha
exits in ceramic-coated turbine blades is the combined use of l
percussion drilling and trepanning operations by applying diffe
laser sources. In this case first a cylindrical through-hole is produ
by percussion drilling with a lamp-pumped Nd:YAG-laser, before
shaped hole exit is formed by trepanning. This procedure as sugges
by Beck [25] is schematically shown in Fig. 55 together with

Fig. 54. Principle of percussion drilling and trepanning, [52].
Fig. 55. Principle for process combination of cylindrical drilling and shape hole

drilling in one machine set-up and example of high pressure turbine blade with

shaped holes. Based on [25,159].
During percussion drilling the laser spot is stationary at the same
position on the workpiece in contrast to the trepanning operation.
The diameters of the approximately cylindrical holes are commonly
of the order 0.5–0.7 mm and the achievable aspect ratio is in the best
case 1:20 [25]. An important point is the exact positioning of the
focus plane relative to the workpiece surface, which is a function of
the required results and workpiece material, the optimal position of
the focus spot being located approximately 5–15% of the workpiece
thickness under the workpiece surface [25]. In practice the best
setting for a specific problem will be empirically identified by
analysing hole quality in terms of geometry, distribution of cracks



exam
puls
betw
cont
dura
rem
volu
use 

and 

gene
shap
Add
utili
duri
such
laser
also

4. E

F
econ
well
with
cost
com
tech
econ
chai

A
tech
blad
fied
view
blad
roug
for fi
or E
Alte
for t
and 

proc
can 

toge
and 

alter
bou
whe

S
diffe
mul
base
tech
man

M
man
thus

Fig. 5
proce

722
ple of application. A Q-switched Nd:YAG laser system with laser
es of the order of 100 ns pulse duration and high peak powers
een 10 and 100 MW/cm2 are applied for the trepanning setup. In

rast to flash-lamp pumped Nd:YAG solid state lasers with pulse
tions of 10–100 ms, the dominating effect causing material

oval is ablation and vaporisation of the irradiated material
me. With regard to cooling holes in turbine blades, the combined
affords the possibility to switch dynamically between ablation
melt expulsion during hole formation. This procedure allows the
ration of cooling holes with maximum flexibility in terms of the
e, design and drilling depth for improved cooling performance.

itional research has focussed on achieving controlled melt flow by
sation of a secondary gas jet in order to avoid delamination effects
ng machining of coated blades [172]. Other process combinations

 as sequential laser and mechanical drilling [145], combination of
 and EDM [193] and even EDM with mechanical drilling [67] are

 currently under development.

conomical process chain analysis and cost modelling

or efficient turbomachinery component manufacture, an
omic analysis of individual process technology alternatives as

 as the resulting process chains is required. Machining processes
 low material removal rates but relatively low machine running

s such as EDM must be evaluated in such a way in order to be
petitive against other conventional or advanced manufacturing
nologies. Therefore, by performing parallel technological and
omic analysis of each operation, optimal processes and process

ns can be identified to minimise production costs.
s an example, Fig. 56 shows possible competing machining
nologies for the manufacture of a blisk with ‘‘hyper-polished’’
ing. The technologies shown have provisionally been identi-

 as possible variants/alternatives from a technological point of
. While additive manufacturing with complete build-up of
es and water-jet machining from solid are able to produce a
h blade contour, subsequent multi-axis milling could be used
nish machining or for the initial roughing, with conventional

CM-based polishing applied to produce the finished blades.
rnatively, ECM and PECM (with high MRR) could be employed
he whole process, as they are capable of roughing, finishing
polishing with the same base technology. While all other
ess technologies need separate machine tools, ECM and PECM
be realised in one set-up. Conversely, such machine tools
ther with the process and tool electrode design are complex,
therefore more expensive. In order to identify an economic
native, an appropriate cost model considering all relevant

ndary conditions has to be executed and constantly updated
n key parameters are changing.

contrast, tooling costs have limited influence although they have to
be taken into account. To allow a comparison, other manufacturing
parameters appropriate to blisk manufacture have to be kept
constant. These parameters and further assumptions are listed
below and provide the basis for the final economic calculation. The
idealised blisk possesses 36 blades. Investment/capital costs of
machine tools were obtained as official quotations from manufac-
turers (specialised 5-axis milling machine for turbine industry
1000 ks, SEDM machine 190 ks, ECM machine 400 ks (plus tooling
costs), graphite milling machine 220 ks). Set-up time is equal for
each manufacturing technology and amounts to 1 h. Wage costs
amount to 35 s/h. For each blisk made of Ti–6Al–4V one milling tool
wears out while for Inconel 718 two cutters are required (each at
300 s). Manufacturing and material costs have been considered for
SEDM electrodes. The ECM tool operates in the axial direction
(marked area). One employee can operate one milling- or ECM
machine or alternatively three EDM machines at once. Milling- and
ECM machines are used in a two shift production (3200 h/a) and
EDM machines in a three shift arrangement (4800 h/a, unmanned
EDM production is state of the art) [113].

In Fig. 58, solutions for Ti–6Al–4V and Inconel 718 are shown.
Steps in the responses represent critical batch sizes for which full
capacity utilisation is reached. Here, the roughing costs per blisk
are at a minimum for the respective technology. One-off tool
development costs in ECM can be difficult to predict. For this
reason, two envelope curves are drawn which consider a lower
limit of 100 ks for tool development costs and an upper limit of
500 ks. Except in the case of small batch sizes from 0 to 20 blisks
per year, rough machining via SEDM of Ti–6Al–4V would be simply
uneconomic. Milling from solid and ECM – low tool developing
costs assumed – are the two technologies in competition. This
means that for Ti-based blisks, depending on specific geometries, a
closer economic analysis has to be made. For Inconel 718 the
choice of the most economical roughing process is more difficult.
With low machine tool investment costs and relatively high
average material removal rates, SEDM especially for batch sizes up
to 400 blisks per year, is a viable alternative. In the case of larger

6. Example of competing machining technologies for blisk manufacturing

Fig. 57. Simplified blisk gap geometry and averaged material removal rates derived

from technological analysis, [111].
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uch an economical comparison has been carried out for
rent roughing strategies for blisk gap slotting from solid via
ti-axis milling, sinking-EDM and ECM for titanium- and nickel-
d blisks. The analysis used a characteristic geometry and the
nological key parameters detailed in Fig. 57, the resulting
ufacturing costs being calculated as a function of batch size.
aterial removal rates have the greatest influence on overall

ufacturing costs, as they affect the direct process time and are
 responsible for machine hourly rates and wage costs. In
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batch sizes, ECM is the most cost-effective technology. Batch sizes
of 100–300 require a more detailed analysis [113].

Roughing costs per blisk (Inconel 718) are shown in Fig. 59.
Here, costs strongly depend on the batch size as well as investment
levels where additional machine tools are required. Technologies
like SEDM with low investment costs allow less volatile curve
progressions but machine tools and therefore space, is needed
more frequently. In the example for a batch size of 200, milling,
SEDM and ECM with low tooling outlays reach the same cost level.
The local minima of roughing costs – caused by full capacity
utilisation – were approximately equivalent. With higher numbers
of machine tools, the maximum roughing costs per blisk decrease.
This effect is due to the increase in capacity utilisation for each
machine tool so that single investment costs are normalised [113].

A similar economic analysis will also have to be carried out for
the evaluation of WEDM as a possible alternative technology for fir
tree production (assuming proof and acceptance of resulting
workpiece functionality) [206]. Although EDM machining time is
10 times longer compared to the established broaching process,
the overall costs are estimated to be of the same order of
magnitude when taking machine investment costs, tooling and
further operating costs into account. Furthermore, WEDM offers
higher machining flexibility as well as significantly reduced lead
times for new tools and/or new designs.

In addition to the aforementioned characteristics of single
operations, further aspects of the complete process chain must be
taken into account during technology evaluation. During applica-
tion of ECM for example, no additional de-burring operation is
required in the process chain, as workpiece edges will automati-
cally be rounded. On the other hand, additional washing operations
may be necessary. Energy and recycling costs are similarly gaining
importance and therefore have to be considered. Recycling of
contaminated chips from conventional cutting operations will also
need to be critically evaluated [188], as do scrap blocks cut out via
WEDM operations. The residual tensile stresses from EDM material
removal could be neutralised by subsequent surface finishing
operations such as etching, vibro/shot peening, vibratory grinding
or abrasive flow machining. Thus, in order to substitute established
conventional manufacturing technologies and process chains a
comprehensive evaluation of Low Cycle Fatigue (LCF), High Cycle
Fatigue (HCF) and Thermal Mechanical Fatigue (TMF) – depending
on the chosen turbomachinery component – has to take place
relative to the established processes and in dependence on the
specific surface integrities. Finally, by using a non-mechanical

5. Summary and conclusions

The technical capabilities and areas of application of elec
chemical, electro-physical and photonic processes have b
analysed showing the broad potential of ECM, EDM, addi
manufacturing and laser material removal for the manufactur
turbomachinery components. Clear advantages have been ide
fied for their use when machining advanced and difficult-to
materials, including high removal and deposition rates, supe
geometrical precision and acceptable surface integrity. The case
their selection as alternatives to conventional cutting technolo
is further strengthened when considering economic aspects
outlined in the example for roughing of blisk gaps.
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