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Abst r act

Over the last few years, signifi-
cant progress has been made in the
field of nmanufacturing technol ogy.
New or inproved nanufacturing tech-
ni ques, such as additive nanufac-
turing, PECM (precise electrocheni-
cal machi ni ng), IHFP (i nductive
hi gh-frequency pressure wel ding) or
mul ti-axis el ectro-di scharge nma-
chi ni ng, help overcome existing
manuf acturing constraints and de-
vel op new conponent designs. Such
new designs are characterized by
their higher functionality, i.e.
one conponent serves multiple func-
tions. Moreover, they require fewer
manuf act uri ng operati ons, whi ch
mar kedl y reduces costs.

The paper describes the basis of
sel ected exanples, the progress in
manuf acturing technology and its
i npact on design and efficiency

Subscri pts

ACARE Advi sory Council for Aero-
Nautical Research in Europe
bl i sk Bl aded di sk

| BR I nt egrated bl aded rotor

EDM El ectr o- di schar ge machi ni ng

| HFP I nducti ve hi gh-frequency
pressure wel di ng

PECM Preci se el ectro-chenica
machi ni ng

HCF H gh cycl e fatigue

LCF Low cycl e fatigue

Mbti vati on

In the past, new designs aining the
efficiency of engines at markedly
reduced em ssions and the consunp-
tion of resources - in line wth
the ACARE targets - were frequently
limted by manuf act uri ng con-
straints.

Typi cal exanples of the targets de-
fined in the 2020 Vision:

Reduction of CC, em ssions by 50%
Reducti on of NOx enissions by 80%
Reduction of perceived noi se by 50%

New materials capable of wthstand-
ing even higher tenperatures such
as powder netallurgically produced
superal l oys, as well as new conpo-
nent designs, such as blisks /
IBR's, thin-walled structures and
di sks, needs advanced nanufacturing
t echnol ogi es.

New approaches in processing tech-
nol ogy, in machinery, fixturings
and tools, but also in inspection
and neasuri ng t echni ques have
helped to overcone or at |east
lessen nmany of the nanufacturing
constraints.

Wth respect to the future there
are nore advances in nmanufacturing
engineering to open up entirely new
possibilities for the design of
hi ghly integrated conponents which
enable to further boost engine ef-
ficiency.
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Exanpl es of manufacturing processes
whi ch open up new possibilities
engi ne construction are:
1) Additive manufacturing processes
2) Milti-axis electro-discharge ma-

chi ni ng

in

3) Process control of nachining ne-
t hods (adaptive machi ni ng)

4) New tools,

such as

cool ed grindi ng wheel s

5) IHFP (inductive
pressure wel di ng)

internally

6) PECM (precise el ectrochem ca

chi ni ng)
7) Cold spraying

8) Superfinishing of
profiles by polishing
9) Roller burnishing

0) New net hods for

residual stress depth profiles

hi gh-frequency

nma-

aer odynam ¢

determ ning the

on

| nprovenent potentials in engine
construction

The design of engines is still
strongly influenced by the linmted
possibilities offered by a rather
conservative manuf acturing  engi -
neering approach. So far new manu-
facturing technologies are neces-
sary.

I'n addi ti on,
processes are expected to make na-

jor contribution

manuf act uri ng

process

dat a.

stability
the service life of conponents.
The table bel ow
nents for
and their

new

manuf act uri ng

towards reducing
costs, i mprovi ng
and increasing

In addition,

lists key
future engi ne generations
i nfluence on performance

comnpo-

the enabling

engi ne-run components core manuf act uri ng processes are
listed as well.
Key components for future generations of engines and their impact on performance
Sealing Surface
Casing systems Integral quality / Complex Composite
Blisk treatment Coatings (brush) designs structure Thinwalls geometries materials
Fan, LPC,
HPC, LPT HPC case Engine Engine Engine HPC Engine Engine Engine
Efficiency X X X X X X
Power density X X
Weight X X X X X
Lifetime X X X
Reliability X (X) X X
Operability X
Secondary loss
Cost
Variable guide| Upgraded Seals/ Individual
Substitution for | Disk - blade vanes materials honeycombs | components
Rub-in system,
Surge margin erosion,
improvement, corrosion, Dual blisk for
Function/ stabilization, oxidation compressor,
Components partial load protection Sealing turbine
Ultra-
Cold spray, palishing,
HVOF, Plasma asymmetrical
Advanced Joining, Milling, spraying leading edge, Blades / vanes IHFP,
manufacturing milling, additive electroplating, Additive PECM/ Laser | Blade profiles,| with dihydral Adaptive
prozesses PECM manufacturing painting Wind, crop | manufacturing| structuring | disks, casings| geometry milling




The introduction of new or substan-
tially inproved nanufacturing proc-
esses of fers the chance:

1. to produce existing conpo-
nents at a higher quality, at
| ower costs and enhanced
process stability,

2. to substitute existing proc-
esses and process chains, and

3. to produce "new highly inte-
grated conmponents" w th mark-
edly inproved properties as
wel |l as conponents that com
bine the properties of sev-
eral conventionally produced
conponents.

This wll not be acconplished at
once, but in progressive stages.

In the follow ng, exanples of the
options available wll be pre-
sent ed.

Exanpl es of inprovenents

Rol | er burni shing
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Figure 1: Roller burnishing
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Figure 2: Comparison of roller-burnished (top) and shot-
peened (bottom) surfaces

Roller burnishing is a method of
wor k- har dening the surfaces of ne-
tallic conmponents. The tool used is
a hardened sphere that is hydrauli -
cally pressed onto the surface to
sel ectively induce conpressive re-
si dual stresses As can be seen from
figure 2, roller burnishing results
in a markedly inproved surface fin-
ish as conpared with the ground or
conventionally shot-peened condi-
tion.

The roller burnishing marks are
overlapping so that a honogeneous
residual stress distribution is ob-
tained in the conponent. This re-
sults in an increased strength,
| onger HCF- and LCF-live and in re-
duced notch sensitivity.

For airfoils, an additional benefit
is, that higher strength and im
proved surface finish (Rz<l) help
to increase the efficiency.

Adaptive processes for turning of
thin-wal |l ed conponents

Thin-wal | ed conponents tend to vi-
brate during turning. This results
in a poorer surface quality and in
i ncreased tool wear. |In sone cases,
even tool fracture may occur. New
approaches aimed at adaptively con-
trolling the turning paraneters
permt even minor vibrations to be
detected by neans of sensors. These
vi brations can then be danpened by
appropriate parameter changes so
that there is no need for costly
fixturing for vibration danpi ng.

In the process, the paranmeters are
varied within a very small range
only. These variations are vali-
dat ed by conprehensive testing
within the framework of qualifica-
tion and approval .

Figure 3 shows the surface of a
thin-walled disk turned without and
with adaptive control of the pa-
ranmeters.

Adaptive control of machining proc-
esses permts weight-reduced com
pressor and turbine disks to be
manufactured in a highly efficient
manner .



Figure 3: Turned surface of a thin-walled disk
Left 9de Surface turned without adaptive control
Right side: Surfaces turned with adaptive control.

Internally cooled grinding wheels

for the cost-effective mnmanufacture

of thin-walled structural conpo-

nents.

An engine contains many thin-walled
structural conponents, such as
shrouds, fairings and panels, which
feature thin-walled and frequently
al so curved webs, retaining hooks
or deep grooves that nust be pro-
duced cost-effectively by grinding.
A mejor problem in the process is
an adequate supply of cool ant-
[ubricant for multi-axis grinding
operations where the spindle noves
around during grinding and where
the grinding wheels can be changed
automatically. A possible solution
to this problem are grinding wheels
with internal cooling canals which
are manufactured wusing additive
processes and provided with a |ayer
of CBN particl es.

Figure 4: Examples of thin-walled ground contours

Figure 5: CAD image of an internally cooled grinding
wheel

Such internally cooled grinding
wheels permit thin-walled webs,

hooks and deep grooves — also with
curved contours - to be ground
"col d" and hence in a cost-

ef fecti ve manner.

Superfinishing of aerodynamc sur-
faces

Studi es by NASA verify that the ef-
ficiency of conpressors can be im
proved if the airfoil surfaces are
pol i shed.

Figure 6: Polished blisk and enlarged detail of showing the
airfoils



This applies in particular to com
pressor areas where high Reynolds
nunbers prevail. To obtain suffi-
ciently snooth surfaces, the air-
foils must be post-processed after
nmechani cal or electrochem cal ma-
chining. The polishing processes
available for the purpose include
vi bratory tunbl i ng, chenical ly-
assisted vibratory tunbling or
abrasive flow machining. Wen se-
lecting the process, care nust be
taken to nake sure it affects the
geonetry of the aerodynanic pro-
files as little as possible. Figure
6 shows a polished blisk (Rz<1 punj.

Feasible alternatives to polishing
are painting techniques, roller
burni shing or precise electrochenmi-
cal nmachining (PECM) wth snooth
paraneters. Al of these finishing
processes are capable of narkedly
reduci ng the surface roughness down
to Rz values <lpym This substan-
tially enhances the efficiency of
conpr essors.

Exanpl es of substitutes

ECM PECM - (precise) electrocheni-
cal machi ni ng)

PECM is a further devel opnent of
el ectrocheni cal machi ning. The pro-
cess is characterized by a markedly
smal |l er gap between conmponent and
el ectrode which substantially en-
hances the dinensional accuracy of
the contour thus produced and im
proves the surface finish. PECV
works wi thout noticeable electrode
wear. A mmjor advantage afforded by
the process is that the thin-walled
profiles cannot be deformed by nma-
chining forces, as the only force
acting on the airfoils during PECM
is the electrolyte pressure.

When nachining high-pressure com
pressor airfoils in nickel alloys
tool wear increases with increasing
hi gh-tenperature resistance of the
alloy. Tool wear 1is particularly
high with powder nmetallurgically
produced materials. For these mate-
rials, tool costs may be the npst

important item on the blade produc-
tion bill.

Wth PECM powder net al | ur gi cal
(PM materials can be machined
faster than forged alloys. Repro-
ducibility is excellent and elec-
trode wear negligible.

Normal | y, conventi onal el ectro-
chemical nmachining is the process
used for rough-nachining to pre-
contour the blisk airfoils. The fi-
nal contour is then produced by
preci se el ectrocheni cal nachi ni ng.

Figure 7: Blisk airfoils produced by PECM

This sequence of ECM and PECM is a
suitable process chain for blisk
airfoils — ‘including those wth
pronounced 3D contours - in PM
ni ckel alloys which are extrenely
difficult to nachine using conven-
tional processes. Furthernore, PECM
can be used al so to cost -
ef fectively nmachine y-Ti bl ades.

If suitably profiled electrodes are
used aerodynanmic structures in-
tended to influence the airflow can
be produced in only single opera-
tion along with the airfoil con-
tours.

Col d Sprayi ng

Cold spraying is a new process to
produce coatings that are charac-
terized by excellent properties in
terms of freedom from oxides, very
low porosity and high adhesive
strength. The thermal stresses in-
duced in the process are low. In
addition, cold spraying stands out
by its high deposition efficiency
(>60% and short spraying tines.



Since, as a result of the |low ther-
mal stresses and the high particle
speed, conpressive stresses are
produced in the coating, the proc-
ess is suitable also for deposition
of very thick coatings.

Temperature sensor  Pressure sensor Laval nozzle Supersonic range

Powder inlet \
Carrying gas Main gas

Figure 8: Cold spraying system

Procedural principle:

» Accel eration of highly conpressed
and hot nitrogen through a Laval
nozzl e

 Axial injection of spraying powder

» The powder particles hit the com
ponent to be coated in unnolten
condition and with a very high ki -
netic energy and are "forged" into
the surface.

* Ductile materials are used exclu-
sively as cold spraying materials.

Al sprayed layer (> 5mm)
as sprayed / machined

Figure 9: Component with thick Al coating > 5mm

The process lends itself also for
the additive production of conpo-
nent contours, mainly in the repair
of conponents. It noreover offers
the possibility of producing com
posite materials to be able to op-
timally nmeet local conponent re-
quirenments by conbining different
material s.

| HFP (i nductive
pressure wel di ng)

hi gh-frequency

IHFP is a highly efficient pressure
process for joining materials. In
the process, the fusion zone is
uniformy heated by nmeans of an in-
duced current. After approxinately
4 seconds the joining tenperature
(< nelting tenperature) is reached
and the conponents are joined under
pressure. For titanium conponents,
the joining pressure is between 30
and 40 MPa, for nickel alloy conpo-
nents up to 100 MPa. The joining
pressure is maintained throughout
the cool i ng phase.

The welded joint is very honogene-
ous and the heat affected zone very
nar r ow.

The process can also be used to
join different nmaterials, for exam
pl e, to produce dual -materi al
bl i sks where blades and disk are
made from those alloys that are op-
timally suited to wthstand the
stresses occurring in operation.

Figure 10: Test blisk consisting of welded-on airfoilsin
Ti 6242 and ahub in Ti 6246

I nductive high-frequency pressure
wel di ng reduces the material demand
for LPC blisks and fans by approxi -
mately 30% At the sane tine, the
nmechani cal properties are inproved.
The process can be used to produce
new blisks and to replace danmmged
airfoils on engine-run blisks.

In the mediumterm, |HFP can partly
replace linear friction welding
which has nore geonetric restric-
tions and is not so cost effectve.



Exanpl es of "new' products

Additive rmanufacture of integral
conponents for rigs and fixtures

Vane segnments w th honeyconb seals
are engi ne conponents that normally
have to undergo a conplex and tine-
consum ng sequence of manufacturing
operations. One of the critical
process steps is brazing on of the
honeyconb el enent s.

beam diameter - X-scan direction

e

Y-scan direction

layer thickness

S track pitch

Figure 11: Additive manufacturing technique

Addi tive manuf act uri ng processes
now pernit such conponents to be
produced integrally, thus reducing
the nunber of manufacturing steps
needed to four: additive manufac-
turing, heat treatnent, snoothening
of the surface and machining to
produce closely toleranced dinen-
sions. Figure 14 shows a vane seg-
ment with integrated honeyconb
seal s produced by additive nmanufac-
turing.

Figure 12: Compressor vane segmentswith integrated honey-
combs (IN718)

The honeyconbs can thus be designed
nore freely as regards their size
and shape and their rub-in proper-
ties and sealing efficiency can be
optim zed.

Anot her exanple of the use of this
technology are cool ant-1ubricant

nozzl es for grinding processes.

Figure 13: Coolant-lubricant nozz es for various grinding
tasks

Fi xture elements, such as nozzles
optinmized for effective cooling,
make a substantial contribution to-
wards stabilizing grinding proc-
esses for conponent contours. Im
proved cooling hel ps safely prevent
overheating of the material during
grinding and increase the material
removal rate.

At present, preferred applications
for additive manufacturing proc-
esses include highly integrated or
hol l ow  conponents and conpl ex
structural elenments for prototypes
and fixtures. Components can be
generated directly from the CAD
nodel w thout the need for a detail
drawi ng. Short nmanufacturing cycles
permt various nodifications to be
devel oped and tested.

Figure 14: Example for new light weight structure



Non-destructi ve determ nati on of
the work-hardening condition of

conmponent surfaces

To increase their service life, ro-
tating engine conponents are work-
har dened to i nduce resi dual
stresses. The positive effects of
such processes are not fully taken
into account in the design of these
conponents at present, one of the
reasons being the lack of suitable
neans to neasure the work-hardening
effects in conponents, such as
di sk, non-destructively.

The wusual techniques to deternine
the depth distribution of the work-
hardening effects and the residual
stresses is the radiographic or
hole-drilling method. Both nmethods
destroy the structure. Wile syn-
chrotron radiation or neutron ra-
diation can be used to deternine
t he dept h profil es non-
destructively, such nethod are not
cost-effective enough for wuse in
practice.

A new approach towards determ na-
tion of the work-hardening condi-
tion of conponent s by non-
destructive neans is to nake use of
the acoustoel astic effect.

. &M |nterference

CH20

R dn(a)

Figure 15: Measurement of the sound propagation ve-
locity cg, schematic

This approach bases on the fact
that the sound propagation velocity
in a material depends on the work-
har deni ng condi ti on.

In the process, a highly precise
ultrasonic gonioneter is used to
neasure the sound propagation ve-

locity cR of a Rayleigh wave at the
critical angle o

Figure 16: Ultrasonic goniometer for measurement of Ray-
leigh waves
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Figure 17: Comparison of firg results of ultrasonic meas-
urements of work-hardening/residual stresses and the resid-
ual gress distributions determined by radiographic methods

This neasuring technique is cur-
rently being further refined to
make it suitable for use as a non-
destructive nethod of determ ning
the work-hardening condition of
conponent surfaces in an industrial
envi ronnent .

This new neasuring nmethod would
then allow work-hardening effects
to be taken into account in the
conponent design which would make



it possible to further the reduced
the wal |l thicknesses of conponents.

Future devel opments in additive ma-
nuf acturi ng

Future engine conponents will have
to satisfy even nore stringent re-

quirements in terns of degree of

integration, weight/performnce ra-

tio and service life. Additive ma-

nuf acturing processes of fer an
enor nous potential here.

This will afford advantages in
cost - ef f ecti veness. The material

properties produced by these proc-

esses are likely to be superior to
those of conventional cast alloys
(except for the creep behavior).

Moreover, additive processes allow
wal | thicknesses to be reduced as
conpared with cast parts and the
conponent conplexity to be further

i ncreased.

Phase 3: New AM Design

2014 Manufacturing of functional structures

f to reduce weight and cost (bionic design)

Phase 2: Substitution

since Cost effective manufacturing of raw parts
2010 Substitution of casting
(establishing process & qualifying material)

Phase 1: Tooling, Rig and Development Hardware
since T Manufacturing of tooling,
2009 7 Rig- and development hardware

Figure 18: Developmentstrends in additive
manufacturing

Additive processes wll, for exam
ple, permt designs wth bionic
structures, and they wll enhance

the functionalities of conmponents
while at the sanme tinme reducing
their weight.

Possi bl e exanpl es are:

* Vane segnents wth integrated
sensors for pressure and tem
perat ure neasurement

e Shrouds with internal ducts for
air circulation

e Conbinations of vane segnents
and shrouds

* Injection systems wth conplex
air structures I'ike casi ng
treatments, reverse flow sys-
tems, cooled airfoils with fili-
gree internal flow systens.

Sunmary

New manufacturing techniques will
help alleviate or even overcone
many of the manufacturing con-

straints that have |Ilimted the
freedom of design so far. For exam
pl e, conponents wll be machined

using adaptively controlled and
hence stabl e processes which permt
conponents with very thin walls to
be produced.

Al ternative nethods for the produc-
tion of thin-walled conmponents in
alloys that are difficult to ma-
chine are electrochenical processes
which are characterized by |ow na-
chining forces. New tool designs

will increase the efficiency of ma-
chi ni ng.

Joining processes, such as |HFP,
will help substantially reduce the

material volunes required. And new
i nspection techniques, such as the
non-destructive nmeasur enent of
wor k- har dening effects, help vali-
date processes.

Addi tive manuf act uri ng pr ocesses
will nmake it possible in the future
to design highly integrated conpo-
nents that serve nultiple functions
at the sane time and to nanufacture
such conponents in a cost-effective
manner .



