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Preface

The aerospace industry is characterized by a high degree of research intensity and
rapid developments. Due to this, aerospace industry has a high strategic impor-
tance in the development of innovative technologies.

‘‘The aerospace industry is one of the most successful industries in Europe, but
also one of the most challenging,’’ says Hans-Joachim Peters, Chairman of the
Machining Innovations Network e.V. and Head of Core Business Unit Part Pro-
duction, Premium AEROTEC GmbH. ‘‘An important contribution to this leader-
ship role is the innovative capacity of the suppliers with their production
equipment and technology research,’’ adds Peters. Despite the long timescales of
individual projects due to the necessary approvals innovations are continuously
implemented. Currently processes with a high resource efficiency but still good
quality and increasing productivity, both in products and in production processes is
sought after.

The demand for fuel and resource efficient aircrafts and flights is growing fast
from a political as well as social viewpoint. This gives new relevance for the
research of new materials and processes, which enable the production of safe and
economic aircrafts. Innovative materials need adapted manufacturing processes
and this in turn has an impact on planning and organization of factories, machine
tools and manufacturing processes.

The Institute of Production Engineering and Machine Tools and the Machining
Innovations Network e.V. present in 2013 the Machining Innovations Conference
New Production Technologies in Aerospace Industry. A total of 26 experts from
industry and science will report on two half-days in plenary and technical pre-
sentations of the latest innovations and trends. The topics of the different sessions
are current trends in manufacturing and production technology as well as planning
and organization. For the first time in the 13 year history of the conference,
scientific presentations are presented with the latest research results on the key
topics of the conference in an extra session. The articles belonging to this scientific
session are presented within this issue of ‘‘Lecture Notes in Production
Engineering’’.

Therefore, I’m looking forward to the conference as a whole and the scientific
aspects in particular with presentations on current research, captivating presenta-
tions and lively discussions about the various aspects of New Production Tech-
nologies in Aerospace Industry.
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High Performance Turning of High
Temperature Alloys on Multi-Tasking
Machine Tools

U. Karagüzel, U. Olgun, E. Uysal, E. Budak
and M. Bakkal

Demands of aerospace industry for high performance alloys have been increasing
due to their superior thermal and mechanical properties. These properties, on the
other hand, decrease the machinability resulting in lower productivity. Conven-
tional machining techniques can be insufficient to provide higher productivity for
these cases. Special processes such as turn-milling and rotary turning can be
remedy in increasing productivity in these applications. In order to test the per-
formance of these processes, Mori Seiki NTX2000 mill-turn machining center is
used. This machine includes nine axes with two chucks, a milling spindle and a
turning turret. The milling spindle whose head moves along the X-, Y- and Z-axes
and rotates around the B-axis is used to control the inclination angle in turn-
milling and rotary turning tests.

Turn-Milling

Turn-milling (Fig. 1) is relatively a new cutting operation which combines two
conventional manufacturing processes; turning and milling. This promising tech-
nology becomes an alternative to classical turning due to its advantages such as
higher productivity and lower cutting temperatures which provide longer tool life.
Intermittent characteristics of turn-milling helps maintaining lower cutting tem-
peratures which make higher cutting speeds possible, produce smaller chips and
reduce cutting forces. Parts with large diameters which cannot be turned at high
speeds can be machined with increased productivity using milling tools at high
rotational speeds. Furthermore, in turn-milling cutting forces applied on the part
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Department of Mechanical Engineering, Istanbul Technical University, Istanbul, Turkey
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are reduced reducing deformations. Therefore, turn-milling had the potential to
offer increased productivity and quality especially in machining of critical parts.

Tool wear

A cutting cycle in turn milling includes cutting and non-cutting periods which
allows cutting edges to cool down reducing diffusive tool wear. In order to
investigate this, tool wear experiments were conducted on a Mori Seiki NTX2000
multi-tasking machine. A 32 mm diameter Seco micro turbo 217.69-03 milling
tool with three cutting teeth was used in the experiments. The inserts were F40 M
grade which is recommended for machining super alloys. The work piece mate-
rials were Inconel 718 and Waspaloy which are commonly used in gas turbine hot
sections. The cutting conditions used in experiments are as follows: 45 m/min
cutting speed, 0.4 mm/rev feed, 0.2 mm depth of cut and 8 mm feed per work
piece revolution. Flank wear land on the cutting tools was measured at regular
intervals using a microscope as shown in Figs. 1 and 2.

Figure 2 shows tool wear measurement results in machining of Inconel 718
with conventional turning using carbide tooling and turn-milling for different
cooling conditions according to the tool life per cutting edge considering the fact
that the milling tool has three cutting teeth. Overall, it can be concluded from these
results that tool life is improved substantially in turn-milling. Turn-milling, even
under dry cutting conditions, provides about 50 % times higher tool life compared
to wet conventional turning. It can clearly be seen that coolant has a significant
effect on tool wear in turn-milling. For a carbide tool life criteria of 0.4 mm of
flank wear, turn-milling with coolant (either conventional or MQL, although MQL
seems to yield better life at higher speeds) provides about 3–3.5 times higher life
compared to conventional turning.

Waspaloy is another important material in aerospace engineering. Figure 3
shows comparison between conventional turning under dry conditions and turn-
milling with wet and MQL cooling for the tool life per cutting edge as the cutting

Fig. 1 a Turn-milling operation. b Chip disposal compared to conventional turning (Sandvik).
c High performance turn-milling (Mori Seiki)

2 U. Karagüzel et al.



inserts immediately broke in dry turn-milling of waspalloy. One can see from
Fig. 3 that tool life is increased substantially (up to 30 times) by turn-milling per
cutting edge.

MRR (Material Removal Rate) Optimization

High MRR (Material Removal Rate) is possible in turn-milling but it may cause
increased form errors in finishing as shown in Fig. 4. Turn-milling process does
not produce an ideal circle. Since in turn-milling cutting tool and work piece rotate
simultaneously, the resulting machined part cross section is a polygon as shown in

Fig. 2 Tool wear results of Inconel 718 for different cutting conditions

Fig. 3 Tool wear comparison between turn milling and conventional turning of Waspaloy

High Performance Turning 3



Fig. 4. If the feed per work piece revolution is increased for higher material
removal rates, the cusp height shown in Fig. 4a is also increased.

Equations (1) and (2) explain the circularity error in turn-milling operations. In
Fig. 4b, an ideal cross section and the one obtained in turn-milling can be seen.
OB-OA in Eq. (2) describes the difference between desired and obtained cross
sections.

h ¼ 2p
zrn

ð1Þ

OB� OA ¼ Rw � ap

� � 1

cos h
2

�1

 !

ð2Þ

where z is the number of cutting teeth, rn is the tool speed to work piece speed
ratio, Rw is the work piece radius and ap is the depth of cut. Figure 5 shows the
effects of cutting conditions on the form error and tool life. As expected the tool
life can be improved by decreasing the cutting speed at the cost of increased in
circularity error. Figure 5b shows that MRR can be increased using higher feed per
work piece revolution but again at the cost of reduced quality.

Fig. 4 a Form errors in turn-milling. b Circularity error (cross section view)

Fig. 5 Effect of cutting conditions on MRR and part quality in turn-milling

4 U. Karagüzel et al.



Rotary Turning

Rotary turning, which is a specialized turning process, can also be a remedy to
improve the machinability and productivity of difficult-to-cut alloys. In this
process, the round insert rotates continuously about its own axis during cutting.
This tool rotation distributes the generated thermal energy to the whole cutting
edge resulting lowered cutting temperatures and uniformly distributed flank wear
on cutting edge. There are two types of rotary turning tools which are Self-
Propelled Rotary Turning (SPRT) and Actively Driven Rotary Turning (ADRT)
tools. In the former one, the tool is rotated by the action of the chip and cutting
forces where the tool rotary speed depends on the workpiece geometry and the
cutting speed. For the latter one, on the other hand, an external power source is
used to rotate the insert. In this type, the tool speed and inclination can be adjusted
independently. SPRT and ADRT processes can be seen in Fig. 6a, b, respectively.
In this paper, only the ADRT tool performance for various difficult to machine
alloys is presented.

The experimental set-up is shown in Fig. 6c. The tests were conducted under
dry, flood coolant and MQL conditions with various tool speeds and tool incli-
nation angles. The cutting tool used for ADRT is a carbide insert with multi-layer
CVD coating of MT-Ti(C, N) ? Al2O3 ? TiN. It has 25 mm diameter with a chip
breaker and 7� clearance angle.

The workpiece materials are Waspaloy, Ti6Al4 V and Inconel 718. 45 m/min
cutting speed, 0.1 mm/rev feed and 0.2 mm depth of cut were used in the tests.
Three different tool inclination angles (0�, 5�, 15�) and three different tool speeds
(10 m/min, 20 m/min, 45 m/min) are tested.

Tool Wear

Tool wear results of ADRT process are presented in this section for various cutting
conditions in comparison to conventional turning. In order to properly compare the
lives of the stationary turning insert and the rotating one, normalization is

Fig. 6 Types of rotary turning (a) SPRT (b) ADRT (c) ADRT tool position on the mill-turn
machine

High Performance Turning 5



necessary. This is due to the fact that when the rotating insert reaches the
maximum allowable wear all around the cutting edge its useful life is finished and
needs to be replaced whereas the stationary insert can be indexed and its unused
portions can be used until the whole cutting edge is completely worn. The number
of times the stationary insert can be used depends on its contact portion, and thus
on the width of cut. In short, the measured tool life for stationary inserts must be
multiplied by the number of indexing which is called normalization in this
analysis. Figure 7a exhibits the normalized tool life test results for different rotary
tool speeds on Waspaloy including conventional turning (Vt = 0) results. Cutting
test results for Waspaloy indicate that increasing rotary tool speed after a certain
range causes higher tool wear rate. At very low and high tool speeds, the tool life is
the worst due to thermal effects. At low speeds the contact time between the tool
and the workpiece increases whereas at higher speeds the required time for the tool
to cool down is inadequate resulting in heat accumulation at the cutting edge as
seen in Fig. 7a. For the best condition of rotary turning tool, tool life increases
43 % compared to conventional turning tool, i.e. for Vt = 0 m/min. On the other
hand, increasing rotary tool inclination angle (shown in Fig. 6 as b) improves tool
life as seen in Fig. 7b. Increasing inclination from 0� to 5� increases tool life 44 %,
while a rise from 5� to 15� causes a further increase of up to 49 % in tool life.

Similar results are obtained for Ti6Al4 V cutting tests, i.e. as the tool
inclination increases the tool wear rate decreases as shown in Fig. 8a. Figure 8b
exhibits the effect of cooling condition on the tool life. Using coolant and MQL
(Minimum Quantity Lubrication) improves tool life which can be attributed to
reduced thermal shock on the cutting insert and more effective transportation of
the cutting fluid to the cutting zone. Interestingly, for AISI 1050 steel cutting tests,
dry condition gives the best result which may be explained by reduced thermal
fatigue between high temperature (in cut) and low temperature (out of cut) regions.

Inconel 718 cutting tests also indicate that as the tool inclination angle
increases, the tool life also increases as shown in Fig. 9a. Figure 9b shows the
effect of coolant on the tool life where cutting fluid and MQL improves tool life
47 % and 12 % respectively, compared to dry cutting.

Fig. 7 The variation of tool life with a Tool speed. b Tool inclination angle for Vt = 10 m/min,
cutting with coolant for Waspaloy

6 U. Karagüzel et al.



For Waspaloy cutting tests, cutting inserts for different cooling conditions, dry,
coolant and MQL are examined under SEM as shown in Fig. 10. In all cases, flank
wear is the dominant wear type where crater wear is not observed. High level of
workpiece adhesion to the flank face is recognized, especially in dry cutting
condition. These deposited materials re-enter the cutting zone due to tool rotation
and triggers attrition of the tool material.

Fig. 8 Tool wear for Vt = 10 m/min a Different tool inclination angles for MQL cutting. b For
different cooling conditions for b = 15� for Ti6Al4 V

Fig. 9 Variation of tool life a With tool inclination angle for MQL, Vt = 10 m/min. b With
cooling types for b = 5�, Vt = 20 m/min for Inconel 718

Fig. 10 SEM images of Waspaloy, Vt = 10 m/min, b = 08 a Dry b Coolant c MQL conditions

High Performance Turning 7



Surface Roughness and Circularity

Surface and form measurements were carried out in order to understand the effects
of tool inclination and cooling conditions on the surface roughness and circularity
of the workpiece, on test parts made out of AISI 1050 steel. As shown in Fig. 11,
for 5� tool inclination, cutting traces on the surface can be seen at an angle to the
feed direction due to tool spinning. 0� tool inclination provides better roughness
results in the feed direction as shown in Table 1 where coolant improves rough-
ness in the feed direction. MQL results in slightly better roughness in the
circumferential direction compared to other cooling conditions. High circularity
errors shown in Table 1 indicate that rotary turning process is suitable rough
turning of difficult to cut alloys.

Conclusions

Multi-tasking machines offer opportunities to achieve higher machining produc-
tivity. Turn milling and rotary turning investigated in this study show that they can
provide higher tooling performance in turning of high temperature alloys.
Conventional turning is a continuous cutting process which produces high tem-
peratures in cutting of special high temperature alloys. On the other hand, turn

Fig. 11 Surface topography for different inclination angle and cooling conditions on AISI 1050
(a) 5�, MQL (b) 5�, Coolant (c) 0�, Coolant

Table 1 Surface roughness and circularity measurements for various tests

5�, MQL 5�, Coolant 0�, Coolant

Roughness in feed directory 2.66 lm 1.22 lm 0.92 lm
Roughness in circumferential directory 1.33 lm 1.39 lm 1.44 lm
Circularity 35–43 lm 69–85 lm 29–30 lm

8 U. Karagüzel et al.



milling and rotary turning are interrupted cutting operations which offer a chance
to reduce cutting tool temperatures and improve tool life.

In this study, turn-milling and rotary turning operations are studied in terms of
tool wear and machined part quality under different cutting and cooling conditions.
As the summary of the tool wear measurements given in Fig. 12 shows rotary
turning and turn milling provide much higher tool life (normalized for number of
cutting edge and indexing) compared to conventional turning of Inconel 718 and
Waspalloy.

Acknowledgments The support from Mori Seiki Corporation, Pratt and Whitney Canada and
Turkish Scientific and Technological Research Foundation (Tubitak—Project 110M522) is
appreciated by the authors.

Fig. 12 Tool wear comparisons of turn milling, rotary turning and conventional turning for
a Inconel 718 and b Waspalloy
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Impact of Clamping Technology
on Horizontal and Vertical Process
Chain Performance

Roman Kalocsay, Thomas Bergs and Fritz Klocke

Abstract Clamping technology plays a major role in optimization of holistic
process chains, determines auxiliary process times, enables process performance
and affects workpiece quality. In this study we evaluate three different referencing
strategies in horizontal process chains and discuss the effect of fixtures on work-
piece dynamics. In order to achieve an optimal process chain performance an
optimization of clamping solutions is crucial.

Keywords Clamping � Fixture design � Process chains � References � Damping

Introduction

To achieve robust and economic manufacturing, optimization is not limited to
single process steps. A holistic approach must take into account the production
process as a whole. It can be structured in two different scopes we call ‘‘vertical’’
and ‘‘horizontal process chain’’. In focus each manufacturing step can be divided
into a sequence of tool path planning and machining operations, the ‘‘vertical
process chain’’ (Fig. 1). Key factors regarding the optimization of a single oper-
ation in ‘‘vertical process chains’’ are machining parameters, tools, tool paths and
fixture design amongst others. The ‘‘horizontal process chain’’ addresses the
sequence of operations in a larger scope. Horizontal optimization deals with the
efficient interconnection of process steps and involves logistics and harmonization
of information transfer. Clamping technology can impact both directions of these
process chains significantly to improve the overall production process.
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A first design theory on clamping devices was given by [1]. Willy [2] con-
tributed a design method for fixtures in automated industry. In [3] active fixture
design is outlined and in [4] a method for setup optimization is presented.

References and Positioning in Horizontal Process Chains

The performance of horizontal process chains mainly depends on positioning
efforts. Optimization therefore requires dealing with references in clamping.
Efficiency aims on data consistency, providing a fast way to establish defined
relative positions of machine tools and workpieces in each process step. In the
following three different approaches are presented (Fig. 2).

Clamping Device Based References

In this approach the workpiece is positioned at a predefined location in the
machine tool. In this case movement is purely force driven using spring based,
hydraulic or pneumatic kinematics pressing the workpiece onto rigid locators. To
overcome jamming caused by friction before reaching the final stop position, the
actors engage sequentially with subsequently increasing forces [5] or subsequently
in a pulsewise manner maintaining a steady base load. By this means, a high repeat
accuracy with usually less than 10 lm positioning tolerance can be achieved,
depending on surface quality and friction deviation. In a second step the achieved
workpiece position can be stabilized by attachment of additional supports.

horizontal Process chain

„

vertical
“

Process
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Process technology

Clamping technology

Tool path pattern (CAM)

Process control
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Metrology and data acquisition
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“
„

Fig. 1 Horizontal and vertical process chain
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In cast or forged workpieces large deviation of the form causes problems in
clamping, especially due to uneven burrs at seams. Because of poor surface quality
the classical force-driven positioning approach with rigid locators may lead to such
large displacements of the center point that, even with reasonable oversize,
geometry of the finished workpiece may exceed the boundary of material at
machining position. Consequently, the high scrap rate often needs to be reduced by
manual adaption efforts. This can be overcome by a centric positioning approach,
which uses rigid kinematics (i.e. centric threads, knee levers or gears). It is crucial
to keep the elasticity of the moving parts as low as possible. To enhance stiffness a
two-stage approach can be followed: Centric positioning is achieved in the first
step. In a second step positions of any moving elements are locked based on
friction. Additional stability can be achieved by spring-loaded supports that are
locked by friction in a third step. Given that kinematics are clearly determined in
the positioning step, a repeat accuracy of \50 lm is achievable, depending on
stiffness and bearing play of the kinematics.

In both approaches a high repeat accuracy can be achieved, whereas absolute
accuracy of positioning might still be poor. High precision locators for exact
positioning are prone to dirt and abrasives. Starting from the resulting natural
clamped position of the workpiece and adjusting the machining by performing a
calibration procedure offers a more robust and consistent approach. To determine
the transfer matrix, the measured position of a reference workpiece relative to the
coordinate system of the clamping device is compared with the CAD data being
the basis for the CAM programming. The reference workpiece represents the
average of the clamped parts, having reference geometry attached.

Fig. 2 Three referencing strategies; left clamping based referencing by clearly determined
workpiece positioning; middle workpiece based referencing using data acquisition; right carrier
system using cast in workpieces combined with a zero point system

Impact of Clamping Technology 13



The main advantage of clamping device based references is time saving as
referencing steps for each individual workpiece are dispensable. Combination with
zero-point systems for setting up the clamping device provides high flexibility in
interchanging machine tools. One possible drawback of fixture based referencing
approaches is low flexibility as the design of tailored fixtures and manufacturing a
reference workpiece can be laborious. However, in serial production or regarding
MRO cases, frequent repetitive clamping tasks are expected to become econom-
ically efficient.

Workpiece Based References

In the first machining step reference geometry is applied to the raw part, providing
a base for subsequent machining operations. The reference is read out at the
beginning of each machining step and machining coordinates are adjusted to each
individually fixed position. Usually, the reference is generated by removal of
material by drilling holes or milling orthogonal faces. Sometimes metal inserts or
optical reflectors are used in fiber-composite parts. In future applications the use of
RFID technology appears to be promising for non-metal parts as well. Application
of the reference geometry speeds up the time-consuming initial calibration pro-
cedure. However, referencing times still accrue in each process step for individual
parts. Therefore and to provide an overall efficient horizontal process chain it is
important to use a fast referencing method as provided by optical or RFID based
systems. Up to now most setups are tactile based, offering robust, cheap and
accurate but also very slow solutions.

Difficulties with workpiece based references occur when high material removal
rates prevent obtaining a final reference or the reference gets lost during pro-
cessing. Deviations caused by released residual stress or thermal dilatations of
large parts also pose a challenge. The combination of a continuous CAx-chain and
optical machine-integrated metrology provides a technical solution here. By
acquisition of a 3D model of the clamped workpiece and online comparison with
the database in real-time, the coordinate transformation for the machining oper-
ation can be calculated without additional reference geometry. This approach also
allows adaptive reacting to dilatations and workpiece deformations. However, this
requires demanding metrology and CAx programming as well as time consuming
scanning procedures.

Workpiece based references enable the use of flexible clamping technology
with limited repeat accuracy such as construction set fixtures, vices, magnetic
plates, multi piston devices (e.g. MatrixTM) or cast in systems without prior
positioning steps. Accuracy largely depends on the metrology. The main advan-
tage of this approach is high flexibility, rendering its use in small batch size and
being the method of choice for individual production.
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Carrier Systems

In this clamping approach a carrier is attached to the workpiece in the first
operation. This not only provides the reference for all subsequent operations, but
also constitutes the physical fixation regarding machining forces. The carrier
remains attached to the workpiece throughout the horizontal process chain and is
removed in the last process step, sometimes followed by an additional step to clean
the workpiece. The carrier can be mounted locked by friction (e.g. clamps), form
locked (e.g. treads) or bonded (e.g. by glue, castings in bismuth or plastic).
Connection of the carrier to the machine is usually provided by zero-point systems,
giving the advantage of fast and accurate positioning and high stiffness. Zero-point
bolts may directly be mounted into the machined workpiece as well. The repeat
accuracy of this approach is equal to zero-point systems (±5 lm); the absolute
accuracy depends largely on the first positioning step.

The advantage of this method is the natural preservation of the reference
throughout the horizontal process chain. This permits both short positioning times
and high precision. The carrier often provides high stiffness and good resistance to
process forces and dynamic excitation, especially when bonding connections are
used in order to handle complex or thin walled geometries. Drawbacks result from
required mounting and dismounting of the carriers. Complex carriers and large
process chains can involve high investment costs. Up to now carrier approaches
are used in mass production and in cases of very complex workpiece geometry.
However, new commercially available zero-point systems with flexible chuck
positions open up the opportunity to apply the carrier strategy also to medium
production rates and larger production variety.

Workpiece Dynamics Affecting Vertical Process Chains

Vertical process chain performance depends to a large part on fixture design. The
most important aspect is convenient handling, influencing clamping times, scrap
rate and process quality. Other important goals in vertical process optimization
regarding clamping devices are minimizing operating errors, avoiding unwanted
workpiece deformations, shortening setup- and clamping times and lowering
fixture costs. In the following workpiece dynamics will be focused on to show the
impact of fixtures on process performance.

Stiffness and Eigenmodes depend on the valence of bearings and position of
supports. Increasing stiffness enables the use of higher federates with larger
process forces if static workpiece deflection limits the process performance.
However, regarding workpiece vibrations increasing the damping of clamping
devices is more efficient than merely increasing the stiffness. Damping in clamping
devices can be obtained by using friction, viscoelastic materials (e.g. low order
polymer networks), hydraulic systems and other mechanisms. The use of
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HIDAMETS (e.g. CuAl12.3Mn5.l) appears to be especially promising because of
its relatively high stiffness, suited to be integrated directly into the flux of forces
within the fixture design. Figure 3 shows the potential of damping for a cantilever
beam setup. In this simulation the resulting resonance amplitudes can be reduced
to less than 1 %, if the clamping device is viscoelastically dampened by 30 %.
This value represents the maximum achievable damping ratio using high-damp-
ening metals (HIDAMETS).

Compared to classical fixture design the stiffness of dampening clamping
devices needs to be slightly reduced to obtain best dampening effects with lowest
amplitudes. In Fig. 4 an exemplary fixture design based on CuAlMn is shown
having optimized stiffness properties regarding the clamped workpiece, in this case
being a 1.6 m steam turbine blade made of steel with momentum free mount at the
tip. A periodical force of 100 N excites in the middle at resonance frequency of
122 Hz. The calculated results show that even with low damping ratios resonance
amplitudes can be decreased significantly.

ωjeF̂F ⋅= F

C w
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Δ ΔΔ

Fig. 3 Effect of damping in clamping devices. Left clamped steel plate 150 9 80 9 20 mm,
cantilever plate model of clamping devices. Right frequency response, Dw = 0.1 %, F = 100 N
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Conclusion

In this study we outline the influence of clamping technology on horizontal and
vertical process chains with a focus on referencing and also considering workpiece
dynamics. Three different approaches of referencing are discussed and the
potential of passive damping in clamping devices for optimization is demon-
strated. An optimal strategy in clamping needs to consider a variety of factors as
pointed out above and requires solutions tailored to the individual production
process. In order to achieve optimal clamping solutions an analysis of process
chains is crucial.

This publication contains results of the project ‘‘DynaMill’’, funded by the
European Commission within the 7th Framework (FoF.NMP.2012-4).
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Simulation of the NC Milling Process
for the Prediction and Prevention
of Chatter

S. Odendahl, R. Joliet, E. Ungemach, A. Zabel, P. Kersting
and D. Biermann

Abstract The main goal in the design of milling processes for components in the
aerospace industry is the optimization of productivity while maintainig process
stability. These two goals can be conflicting, especially if long tools are required,
which are particularly susceptible to vibrations. In order to reduce the number of
costly experiments, simulation-based approaches can be used to evaluate gener-
ated NC programs beforehand. In this paper, a modeling approach for the detailed
simulation of engagement conditions, process forces, and dynamic tool behavior is
used to detect instable process conditions. Additionally, an algorithm is presented
to change the axial immersion in order to avoid regenerative chatter during
milling. To demonstrate the effectiveness of the simulation approach and of the
compensation strategy, a comparison is shown between experimental and simu-
lated results and between the workpiece generated by the original and the
optimized NC programs.

Introduction

The manufacturing of complex structural parts for, for example, air planes,
requires precise milling operations with high productivity. On the one hand, these
parts often include deep cavities which demand the utilization of long tools, and,
on the other hand, large axial and radial immersions are necessary to achieve the
desired material removal rates. However, this combination can lead to chatter
vibrations which may result in insufficient surface quality or even tool failure [1].
Therefore, the dynamic process behavior is an important aspect of the milling
process that should be considered during the process planning phase [2].
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Analytical methods exist for the prediction of process forces and stability for
constant engagement conditions [3, 4]. By applying these approaches or by
conducting experiments, stability charts can be generated in order to describe the
stability limits of a milling process. These charts can then be used to choose a
stable combination of process parameter values. However, for the five-axis
machining of free-formed surfaces, the engagement conditions may change with
each tooth feed. Therefore, the shape of the undeformed chip has to be determined
in each simulation step to be able to calculate the machining forces and predict the
process dynamics. A simulation system, which performs this analysis, can be
applied to detect surface location errors and process instabilities in advance
without extensive experimental investigations.

In this paper, a dynamic model for five-axis NC milling processes and the
required geometric tool and workpiece models are presented that can be used for a
simulation-based chatter detection algorithm. To demonstrate the applicability of
the simulation, a local modification algorithm for a given five-axis NC program is
applied. In order to prevent chatter, additional path segments are inserted auto-
matically without changing stable sections of the NC program and without the
need for additional equipment.

Simulation-Based Analysis of Milling Processes

The simulation-based analysis is conducted using a simulation system which
combines different techniques [5] in order to model the cutting forces, the dynamic
process behavior, and the surface location error. For the calculation of the milling
forces, the shape of the undeformed chip is determined using the Constructive
Solid Geometry (CSG) technique [6]. With this technique, simple shapes, e.g.,
sphere, cylinder, or box, are combined using Boolean operations to describe
complex objects. The chip corresponds to the intersection of the tool envelope and
the workpiece model prior to the current position in the NC program (Fig. 1a). The
latter is generated by subtracting the tool envelopes positioned at each prior tooth
feed from the raw workpiece [7]. In order to allow calculating the force
progression over the course of individual tooth feeds, each tooth feed is subdivided
into multiple simulation steps. The chip shape is scanned by rays cast from the tool
axis along the cutting edges for each of those steps (Fig. 1b). The intersections of
these rays with the chip shape can then be used to obtain the undeformed chip
thickness and calculate the process forces according to the Kienzle equation [8]. In
contrast to analytical approaches, this technique is able to model the engagement
conditions for any point in time during a five-axis NC program. Since the chip
shape is represented as a continuous model, the force calculation can be conducted
with arbitrary resolution by choosing the number of rays that are used to scan the
chip.

For modeling the dynamic process behavior, the calculated cutting forces are
fed into a dynamic model consisting of a system of uncoupled harmonic oscillators
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[7]. Their parameter values, i.e., modal mass, damping, and eigenfrequency, can be
determined by analyzing the measured frequency response function of the tool
mounted into the spindle of the machine. The tool deflection calculated by this
model at each simulated time step during one tooth feed is combined with the
deflection one tooth feed earlier for the modeling of the chip shape. Thereby, the
modulation of the undeformed chip thickness, which causes the regenerative
effect, can be simulated. The combination of process and dynamic model is, thus,
able to provide the process forces, the tool deflection, and an implicit represen-
tation of the workpiece at every simulated time step.

For an intuitive analysis of the process, an efficient visualization of the current
workpiece is beneficial, which includes a color-coding of the surface location
error. However, this requires an additional workpiece model since the direct
rendering of a non-trivial CSG model is only possible using computationally
expensive techniques, such as ray tracing [6]. The model used in the presented
simulation system consists of three perpendicular dexel boards, each of which is
comprised of a regularly arranged grid of depth elements (dexels) [9]. The cutting
operation with this model can be performed efficiently by calculating the inter-
section of the dexels and the tool model. Additionally, each time a dexel is cut, the
new end point of the dexel is moved along the dexel direction corresponding to the
calculated tool deflection. The surface location error at this point is determined by
projecting the deflection onto the surface normal so that it can be color-coded onto
the displayed point (cf. Fig. 3). As will be shown in the experimental validation,
this visualization technique already provides good results for 3-axis milling
processes and will be extended in the future to work for arbitrary NC programs.
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Fig. 1 a CSG models of tool, workpiece, and undeformed chip. b Scanning rays of the tool
shown for two cutting edges and multiple time steps
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Modifying NC Programs to Prevent Chatter

The described simulation system can be used to analyze and optimize NC pro-
grams by automatically manipulating the NC path in order to prevent chatter. As
only additional input, a stability chart, which specifies the maximal axial feed ap

leading to a stable process for a given radial feed ae and spindle speed n, is
required. This can, however, also be compiled using the simulation system. The
first step in the chatter-prevention algorithm is the determination of the sections of
the NC program that lead to an unstable cutting process. To accomplish this, a Fast
Fourier Transform (FFT) of the recent tool displacement history is carried out
during the simulation run. Chatter is assumed whenever the amplitude of a non-
harmonic of the tooth engagement frequency is higher than a threshold value times
the amplitude of the tooth engagement frequency itself. While identifying the
unstable sections of the program, the maximum effective radial immersion ae;eff

perpendicular to the feed direction and the maximum axial immersion ap are
recorded. In this context, the effective radial feed may differ from the one preset in
the CAM program, e.g., in corners of machined pockets where the increase of the
effective feed is often the cause of a temporarily instable process [10] (Fig. 2a, b).

After this simulation and analysis step, the recorded maximum effective radial
immersion over each instable section is used to lookup the maximum stable axial
feed in the precompiled stability chart. With this information, the number of
intermediate NC paths can be calculated that are required to stay below this axial
feed. Additional NC segments are generated by first withdrawing the tool along the
tool axis and then inserting new segments parallel to the original NC path. These
parallel segments are only moved along the tool axis with a new axial feed equal to
the original one divided by the new number of paths (Fig. 2c). The same segments
are then used for the reverse movement and the process is repeated until the
original NC path is reached. This process only directly changes the axial feed and
might even decrease the maximum radial feed for some of the new segments.
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Net shape
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ae, eff
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workpiece
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Inserted paths

Original paths
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Fig. 2 a Effective radial feed on linear NC segments. b Increased effective radial feed resulting
from the manufacturing of a corner. c Example for the insertion of new NC segments in the
corner of a machined pocket
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Experimental Validation

In order to validate the described simulation system and the chatter-prevention
algorithm, the machining of simple pockets in aluminum (EN AW-7075) was
analyzed. The NC program was generated with an axial feed ap = 4.5 mm and a
radial feed ae = 4 mm. The pockets were then dry machined with a toroidal end
mill with diameter D = 12 mm, corner radius rc = 1.5 mm, two cutting edges,
and a helix angle of 30� on a Deckel Maho DMU 50 eVolution 5-axis machining
center. The process was conducted using down-milling with feed per tooth
fz = 0.2 mm and spindle speed n = 15,800 min-1.

The used process parameter values generally result in a stable process, but
chatter occurs while machining the corners of the pocket. Figure 3a and c show a
corner of the workpiece generated by the simulation and the actual 3-axis milling
process, respectively. Both images clearly display surface artifacts and they
demonstrate that the simulation is able to predict the process instability and the
direction of the surface marks. The corners produced by simulating the optimized
NC program for 3-axis milling are shown in Fig. 3b and the corresponding
experimental result is depicted in Fig. 3d. The same method was applied to the

Surface 
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Simulated workpiece
(3-axis)

Original NC program Optimized NC program

Machined workpiece
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Machined workpiece
(5-axis)
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(Logarithmic scale) (a)

(c)

(e)

(b)
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Fig. 3 Workpiece corners generated by the original (a, c, e) and optimized (b, d, f) NC
programs. a and b display the simulated surface location error for the 3-axis program. c and
d depict a machined corner produced by 3-axis milling. e and f show a corner produced by 5-axis
milling
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5-axis NC program for the corner displayed in Fig. 3e and also resulted in an
optimized workpiece surface (Fig. 3f). This demonstrates that an automated
optimization of NC paths with respect to chatter avoidance in critical areas is
possible.

Conclusion and Outlook

In this paper, a simulation system for the five-axis milling of free-formed surfaces
was presented. The described modeling techniques with an implicit representation
of the undeformed chip shape and the computation of the dynamic interactions
between cutting edges and workpiece allow a detailed analysis and optimization of
arbitrary NC programs. In the future, the visualization model will be adapted so
that surface location errors resulting from five-axis NC programs can also be
displayed. However, the validation example demonstrates that the prediction of
chatter is possible for different engagement conditions and can be used in com-
bination with an NC path modification algorithm to ensure process stability. By
utilizing these modeling techniques inside a CAM system, manufacturing errors
could already be prevented in the early phase of NC path generation.
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Improved Quality of Drilled Holes
in Laminated Carbon Fiber Reinforced
Plastics via Laser-Preprocessing

F. Schneider, B. Kirsch, M. Gurka, T. Hermann, J. A. L’huiller
and J. C. Aurich

Abstract In this paper, a new hybrid process to manufacture holes in laminated
carbon fiber reinforced plastics is presented. It combines the advantages of con-
ventional drilling (fast and easy to control) and laser drilling (high entry and exit
quality of the holes). It is shown, that considerable improvements of the quality of
drilled holes can be achieved via laser-preprocessing.

Keywords Cutting edge � Drilling � Fiber reinforced plastics � Laser

Introduction

Carbon fiber reinforced plastics (cfrp) combine high stiffness with low density,
ideal properties for light-weight designs needed for aerospace applications and
automotive, first of all for electronic vehicles [1]. Although cfrp are manufactured
near net shaped, subsequent machining is necessary [2] e.g. to obtain the holes for
rivet joints. These machining processes can damage the cfrp, resulting in weak-
ening of the workpiece structure which negatively influences the operational
behavior [3–5], or by thermal damage (micro-cracks, voids, delamination) due to
the heat, introduced by e.g. a laser machining process [7, 8].
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In this paper, the quality (avoidance of delamination and burrs) of drilled holes
in laminated cfrp will be examined. More specifically, the quality of mechanically
drilled holes in cfrp will be compared with holes drilled with laser-preprocessing.
It will be shown that improved machining quality is achieved by removing one
layer at the exit of the holes via laser ablation.

Experimental Setup

The experiments were conducted on a 5-axis drilling/milling machining centre
(DMU 70 eVolution). The tool used was a common two-edged uncoated drill
according to DIN 6539 of 5 mm diameter with a drill-point angle r of r = 118�.
In accordance with previous investigations [3], very sharp cutting edges were used.
Using a digital fringe projection system from GFM, the rounded cutting edge radii
rb were measured to rb = 6.5 lm. While several combinations of cutting speed vc

and feed speed f were examined, only the combination vc = 150 mm/min and
f = 0.04 mm/rev, offering the best machining quality, will be presented here.

The laser-preparation was done as a separate step using a picosecond laser
system (HYPER25 Coherent Kaiserslautern GmbH) mounted on a high precision
5-axis laser micromachining system (GL.5 GFH GmbH). The laser wavelength
used was 532 nm, the pulse repetition rate 200 kHz, the pulse duration about 10 ps
and the spot size about 10 lm.

The material investigated in this paper was a quasi-isotropic layup [A/+45/90/-
45/+45/-45/0/90/0/-45/+45/-45/90/+45/A] of 13 individual layers of a unidi-
rectional prepreg CE1007-150-38 (0.14 mm per layer), consolidated in an autoclave
for 1 h at 4 bar.

Process and Results

The quality of the drilled holes with and without laser-preprocessing was quali-
tatively evaluated by microscopy. The hybrid process is done in two separate steps.
The first step is to preprocess either the hole entry or the hole exit with the
picosecond laser pulses in the micromachining center. The second step is the
drilling process on the 5-axis machining centre.

In Fig. 1 examples of the preprocessed hole entry and hole exit are depicted. In
each case, the laser parameters were adjusted to exactly remove one layer of the
cfrp.

In Fig. 2 the resulting quality of the hole entry with and without laser-
preprocessing is shown. It can be seen that the hole entry with the removed first
layer (laser-preprocessing) has fewer defects than the unprepared one. The number
and size of protruding fibers were reduced.
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This can be explained by the fact that when the first layer is removed corre-
sponding to the diameter of the drilling tool, the force in peripheral direction is
reduced. The actual drilling begins at the second layer. This layer is embedded
between the first and the third layer, and hence the compound structure is more
rigid. As a consequence, less peel up delamination and protruding of fibers occurs.

Fig. 1 Examples of laser-preprocessed hole entry and exit

Fig. 2 Comparison of drilled hole entry with and without laser-preprocessing
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The influence of the laser-preprocessing on the quality of the hole exit becomes
even more important, as shown in Fig. 3. It can be seen that the result of the hole
exit with removed last layer is much better than the one without preprocessing.
The unprepared hole exit reveals very large fiber protrusion and delamination. In
contrast, the laser-preprocessed hole exit verishows no unwanted effects like
delamination or a frayed border area.

The protruded fibers as well as the delamination were a result of the lower
resistance of the material against the drilling tool. The material is pushed away by
the corner of the tool and could not be cut. Laser-preprocessing can help to
overcome these disadvantages as described for the hole entry: as the last layer is
already removed, the last layer to be drilled is number twelve. This layer is
embedded between layer eleven and thirteen, resulting in a more rigid structure.
This effect is more important for the hole exit than for the hole entry (as shown in
the presented results), as there is no counterforce of the material in the hole exit.
This effect was already shown in investigations on burr formation when drilling
heat treated steel [6] (exit burrs are bigger than entry burrs).

Conclusion

In this paper, first results of drilled holes in laminated carbon fiber reinforced
plastics with laser- preprocessing were presented. It could be shown that the
quality of the hole entry and especially the hole exit could be improved consid-
erably by removing the first and the last layer of the cfrp respectively via precise
picosecond laser ablation. Advantages of this hybrid process in comparison to the
manufacturing of the holes using laser machining only is a considerably reduced

Fig. 3 Comparison of drilled hole exit with and without laser-preprocessing
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process time. This encouraging first results show the potential of this hybrid
process. In future investigations, more laser and drilling parameters as well as
different cfrp materials will be examined.
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Flexible Production of Small Lot Sizes
by Incremental Sheet Metal Forming
with Two Moving Tools

Christian Magnus, Bolko Buff and Horst Meier

Abstract Incremental sheet metal forming processes have a high potential for
flexible and cost efficient production of prototypes and parts in small lot sizes.
Recent developments in this field bring incremental sheet metal forming one step
closer to industrial application. Amongst these are improvements concerning
geometrical accuracy, part complexity and surface quality. Also solutions for
forming of advanced materials as magnesium or titanium alloys are being devel-
oped, which shows a high potential for the production of lightweight sheet metal
parts, as used in aerospace industry.

Introduction

Current trends in the requirements for modern products show an increasing
influence of individual customers on manufacturing processes. The trends of
increasing part complexity, decreasing lot sizes and shorter time to market create a
demand for a modernization of existing production processes. Especially in the
area of sheet metal prototyping and small lot size production high costs occur for
part dependent tooling, such as in stamping and for sufficient storage of dies and
manufactured parts.
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This paper describes developments in an incremental, robot-based sheet metal
forming process (‘Roboforming’) for the abovementioned demand. Roboforming
achieves a kinematic-based generation of a shape by using two industrial robots
which are interconnected to a cooperating robot system. Compared to other
incremental sheet metal forming machines, this system offers high geometrical
form flexibility without the need of any part-dependent tools. Figure 1 shows the
basic Roboforming setup. On each side of the fixed sheet metal one of the two
robots is positioned and fitted with a universal forming tool [1]. With the help of a
CAM-software (CAMWorks) and a Postprocessor (customized) the paths for both
robots are derived from the CAD-Model of the desired part [2]. The whole part is
formed by the movement of the robots without any need for dies. This way several
different geometries can be formed with the same setup.

The industrial application of incremental sheet metal forming is still limited by
certain constraints, e.g. low geometrical accuracy, part complexity, surface quality
and the number of formable alloys. Within the last years many developments have
contributed to an improvement in these fields.

Geometrical Accuracy

The main reasons for geometrical inaccuracies are the forming strategy, elastic
deformation of the sheet and the forming machine, the positioning accuracy of the
forming machine and unwanted plastic deformation of already formed areas.
Especially in dieless incremental sheet metal forming some effort has to be taken
in order to compensate the resulting effects.

One of the main ideas in incremental sheet metal forming with two moving
tools is to have a higher flexibility in forming and to give a local support within or
next to the forming zone. This way both convex and concave geometries, as shown
in Fig. 2, can be formed dieless and with higher accuracy than in Single Point
Incremental Forming (SPIF), which uses only one tool. Figure 1 shows a sche-
matic setup for Duplex Incremental Forming with a Local support (DPIF-L),
where both tools are in contact with the same forming zone.

Fig. 1 a Roboforming setup, b setup for duplex incremental forming with local support (DPIF-L)
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As to be seen in Fig. 1b, a free area of the sheet between the part (in this case a
frustum) and the clamping frame exists. Without using any kind of partial die, this
area is strongly affected by unwanted plastic and elastic deformation due to the
occurring forming forces. Experiments have proven that almost the same accuracy
as with a partial die can be achieved by forming addendum stabilization structures
which reinforce this free area [3]. Thus the partial die can be substituted. Addi-
tionally the occurring forming forces can be reduced by appropriate forming
parameters or forming at elevated temperatures as it will be described later on.
Also strategies for a compensation of the robots‘ low stiffness exist. These are
based on measurements or predictions of the forming forces and multi body system
models of the robots [4]. Today this compensation can run online for one of the
robots, which guarantees for restricted workspace size almost as good accuracy as
without load. Another strategy to reduce the effects of forming forces is to form the
same part more than once. This can either be done with the same tool path or a
path which has been corrected accordingly to the measured deviation of the part.

Especially in cold incremental sheet metal forming residual stresses exist in the
formed part. In order to maintain a high geometrical accuracy even after cutting of
the part, stress relief annealing can be done after unclamping of the formed part or
even whilst the part is still fixed in a clamping frame.

Part Complexity

The achievable part complexity is most of all limited by a local thinning of the sheet
in the formed areas and the unwanted plastic and elastic deformation of already
formed areas. Although incremental sheet metal forming has increased forming
limits compared to stamping [5], the maximum flank angles which can be achieved
in direct forming operations are limited. Within a single forming step in SPIF

Fig. 2 Increased part complexity and flank angles by stepwise forming
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maximum flank angles of about 65–70� can be formed with mild steels or alumin-
ium. The thickness distribution is similar to that in shear spinning and is theoretically
zero at 90� flank angle. If using the second tool in order to improve the stress state
within the forming zone, higher formability can be achieved [6]. Furthermore it has
been shown, that a high part complexity with very high flank angles can be achieved
by stepwise forming operations [3, 7], as shown in Fig. 2. With the approach of
stepwise forming, a more evenly thickness distribution can be achieved. By the
support of the second tool the influence of the forming forces on geometric accuracy
can be reduced for each forming step. Without the support of this tool very large
unwanted plastic deformation occurs, resulting in low geometrical accuracy.

Surface Quality

The surface quality of the formed part in SPIF is mainly dependent on the pitch
size of the tool path and the tool diameter. Both parameters influence the imprint
of the tool in the surface of the part [8]. By using a second tool in DPIF-L both the
inner and the outer surface quality of the part can be influenced by choosing an
appropriate position of the supporting tool relatively to the forming tool and an
appropriate contact force [6]. For each forming operation the tool diameter and the
pitch size should be fitted to the geometric requirements of the part and
the required surface quality, as the needed forming time is directly dependent on
the pitch size. A small pitch size results in longer tool paths and thus in a longer
forming time. For many applications (e.g. as structural components) sheet metal
parts formed with a pitch size of 0.2 mm up to 0.5 mm and a tool radius of 6 mm
show sufficient surface quality after short sandblasting.

Forming of Advanced Materials

In cold incremental sheet metal forming mostly mild steels and aluminium alloys
are formed. Currently solutions for forming of advanced materials are being
developed by several institutes. They are based on sheet metal forming at elevated
temperatures, which lead to higher formability, lower forming forces, lower
springback and higher accuracy [9]. For titanium [10–12], magnesium [13] and
mild steels [14] the benefits of incremental sheet metal forming at elevated tem-
peratures have been shown. Also for Complex Phase (CP) steels an improvement
of formability occurs. Depending on the heating method (e.g. by laser, hot fluids,
friction or resistance heating) either the whole part or a small area of the sheet is
heated. Especially in the latter case a high gradient of forming characteristics,
comparing those of the heated forming zone to those of the colder rest of the part,
can be achieved. But, as the forming zone and the heating zone are subject to
highly dynamic movement, temperature measurement and control is complex.
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Summary and Outlook

Recent achievements in the fields of geometrical accuracy, the number of formable
alloys and part complexity show a great improvement of the applicability of this
process. The ongoing research in these fields is also focused on advanced materials
which have high potential for lightweight applications. Future work of the authors
will e.g. focus on parts of larger scale and higher complexity, geometrical accuracy
and forming of different materials at elevated temperatures.
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Dedicated Machine Tool Development
for Blisk Milling

B. Bringmann, R. Bacon and B. Güntert

For modern jet engines, more and more turbine blade stages are made as one
integral part in order to reduce weight.These parts—called Blisks (‘‘Blade inte-
grated disks’’) or IBRs (‘‘Integrally bladed rotors’’)—are machined predominantly
from Titanium or Nickel-based super alloys (see e.g. [1]). From a machining point
of view, they are extremely challenging. The materials used belong to the hardest
to cut, the geometries are difficult free-forms and the finished parts are flimsy. Due
to the extreme requirements on these parts the machining time and the cost per
workpiece are very high today. Despite the challenges of these workpieces, usually
standard 5-axis machines are used for machining. With dedicated machine tools
the productivity could be increased tremendously. Here the process of machine
tool development especially for Blisk milling is presented, using state of the art
scientific methods.

Introduction

Blisk machining combines very high requirements in machining dynamics, surface
finish and—due to the long cycle times (between 20 and [200 h)—thermal
stability. With a machine tool designed for the purpose, the productivity and
quality of such a milling process can be improved dramatically. This approach to
find the best possible design for this application is described here.
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Analysis of the Machining Process

This process starts by identifying the desired optimal machining process in a first
step. With this knowledge the requirements for the machine can be quantified.

In this first step the most efficient milling strategies are evaluated for typical
Blisks. Typical approaches today are e.g. plunge milling, the use of big disk cutters
for slotting or the use of ceramic tools with very high cutting speeds for Nickel-
based super alloys.

The cutting parameters achievable with the tools today (and anticipated future
cutting parameters) are taken as a basis. This information can then be processed in
different ways. For the different operations spindles speed, power and cutting
forces can be computed. This computation is very straightforward. In general the
well-known basic models can be used. The machine dynamics and stability to be
able to make fully use of these performance parameters, i.e. to machine produc-
tively, must be determined with more effort.

Selection of the Kinematic Concept of the Machine

In general, the most appropriate kinematic build-up for Blisk machining process
should be selected. In addition to the usual design criteria like accessibility,
ergonomics, floor space, etc. there are characteristics that are not very straight-
forward to evaluate, especially the machine dynamics for the application to keep
finishing times as low as possible and the process stability to be able to us the
optimal roughing strategies.

Determination of Machine Dynamics with FEM
and Virtual NC Kernel

For this application machine dynamics is evaluated by the actual time that a
machine will need to do a typical Blisk finishing operation. This time is deter-
mined by many factors.

The kinematic build-up determines how the different axes of the machine must
move. Typically the compensation motions of the linear axes to follow the
movements of the rotary axes are depending on this build-up. When e.g. a trunnion
is turning, two linear axes must move just to keep the same relative position
between tool and workpiece.

In addition, this finishing time is of course depending on the axis dynamics
parameters. The maximum axis velocity can be determined easily from the
mechanical parameters. The achievable acceleration and jerk values when taking

40 B. Bringmann et al.



into account certain requirements for a dynamic path accuracy and effects like
overshoot, cross-talk or in-talk (see e.g. [2, 3, 4]) are more difficult to determine.

With modern simulation programs, such as a ‘‘Virtual NC Kernel’’ [5], very
powerful tools are available to determine the effect of both kinematic build-up and
axis dynamics on total cycle time. With this different machine concepts can be
compared and very accurate machining times can be determined in a very early
design stage. It can be computed which parameters (like accelerations) have which
effect on cycle time and therefore the ideal configuration can be identified. With
this different kinematic concepts and variations can be compared.

This VNCK uses the same inputs as a real control and generates the same
outputs. One drawback is that—while axis limitations like filters or max. jerk
values can easily be put in—it cannot be determined what values have to be put in
because these depend on the mechanical behaviour. Realistic values can be
determined from FEM. This approach is shown in Fig. 1.

The mechanical constraints can be anticipated by FEM simulations. Especially
important here is the behaviour of the single axis against quasi-static forces (how
much will the axis tilt due to acceleration forces, thus determining cross-talk and
in-talk) and the Eigen frequencies when excited through the axis drive (these
Eigen frequencies limit the bandwidth of the control loop and subsequently limit
the achievable gains, filter and jerk settings).

With the results from these FEM simulations (see e.g. Fig. 2) the parameters for
VNCK can be determined. With this the operation can be simulated, the time can
be determined and limitations preventing shorter times can be simulated.

Fig. 1 Simulation approach
for determining machine
dynamics using VNCK and
FEM
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This first result can then be used to overcome limitations, e.g. by changing the
kinematic build-up, by systematic mechanical improvements where beneficial, by
improving the control optimization.

Determination of Process Stability with FEM and CutPro

The other factor not easy to determine is the process stability of the system. For the
Blisk machine development it is crucial that the most efficient strategies and
the potential of the tools available today and tomorrow can be used. For this the
maximum stable depth of cuts must be determined.

The method of choice today are software packages such as ‘‘CutPro’’, using
the stability lobe theory as described in [6].

While this works excellent for experimental analysis when a certain tool in the
spindle is tap tested in order to determine the frequency response function, for a
machine to be built this data is of course not yet available. A good alternative is to
determine frequency response functions from FEM. To get good results, there is
some experience necessary for the assumptions of stiffnesses and damping
parameters of single components. With that prior knowledge, very good agreement
between simulation and experimental result are possible.

With the results, the most critical frequency can be determined (smallest real
part in the FRF). For the corresponding Eigen mode, the critical depth of cut will
be proportional to static stiffness and damping ratio. If the Eigen frequency of this
mode can be brought up, the critical depth of cut alim will change approximately
with square the change in frequency. So if e.g. by design changes the critical Eigen
frequency can be brought up to 120 % of the initial state, a first estimate would be
that the critical depth of cut would increase to 144 % from the initial state. This
assumes in general unchanged damping behaviour.

Fig. 2 Example of FEM
result: Eigen mode of an
assembly
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Selected Machine Tool Concept

Initial simulations with trunnion concepts following the methods described above
showed that with such concepts, there were two constraints limiting the dynamic
of the system.

The trunnion axis carrying the second rotary axis, the pallet, the fixture and the
workpiece was one limiting factor because of the limited acceleration possible due
to the high inertia. The other one were the dynamics of the linear axes because,
with a trunnion machine, rather big compensation movements are necessary to
follow the trunnion.

So to really come to significantly shorter cycle times, both the rotary axis had to
be accelerated and the necessary compensation motion reduced.

The solution was the use of a tilted B-axis as known in machining of single
turbine blades as seen in Fig. 3. The total machine concept is shown in Fig. 4.

This concept combines two advantages:
Instead of tilting a trunnion with the very high inertia, the B-axis only has to

rotate the main spindle, drastically reducing the inertia. With that, much higher
axis accelerations are possible. Due to the stiff build-up with very high Eigen
frequencies, also very high jerk limits become possible.

Due to the tilted design, the tool center point (TCP) approximately lies in the
geometric B-axis. That means that when rotating the tool the tool center point
almost does not move (depending on tool length). Therefore no compensation
motions to follow this rotation are necessary.

Fig. 3 Side view on spindle
and B-axis with a 50� angle in
between to allow for tilt
motions around the tool
center point (TCP)
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In comparison to trunnions, the simulations have shown that the compensation
motions when swivelling are usually reduced by more than 90 % and the time
required for such swivelling motions is reduced by about 80 %.

Conclusion

To design a machine, new development tools do exist that allow for very accurate
determination of the machine behaviour at a very early design stage. With this
methods, it can already be determined if e.g. roughing cuts can be performed as
foreseen. Already control parameters can be estimated and cycle times can be
anticipated in great details. Bottlenecks limiting the performance can be identified
and eliminated. Due to the concentration on such a special application as Blisk
milling, breakthroughs in performance can be achieved.
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Surface Characterization of Components
Subjected to Deep Rolling for Cyclic
Loading Applications

A. M. Abrão, B. Breidenstein, T. Mörke and B. Denkena

Abstract Deep rolling is mainly employed to induce compressive residual
stresses and cold work straining on cyclically loaded parts. Additionally, surface
roughness can be improved and, as a result, the fatigue strength of the component
is increased. The principal aim of this work is to investigate the influence of deep
rolling parameters (rolling pressure and number of passes) on the surface quality
and residual stresses induced on AISI 1060 high carbon steel specimens. The
results indicated that the surface roughness parameters decrease drastically after
deep rolling and lowest roughness values are obtained applying a pressure of
100 bar and 3 rolling passes. As far as the residual stress is concerned, the tensile
stress recorded on the surface of the specimens after turning shifted to compressive
stress after deep rolling. In contrast to the residual stress values, which did not
present a straightforward relationship with deep rolling parameters, the full width
at half maximum values indicated that more accentuated work hardening is
obtained when rolling pressure is elevated to 200 MPa.

Introduction

Deep rolling is a non-cutting production method which aim is to introduce work
hardening and compressive residual stresses into the surface and subsurface layers
in order to increase fatigue strength [1]. Furthermore, the surface roughness is
improved. For this purpose, the rolling tool is pressed against the part over a
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determined number of passes to cause plastic strain and depending on the selected
parameters distinct levels of residual stress and surface finish can be obtained.

An increase in the yield stress leading to an elevation of approximately 20 % in
the fatigue strength of steels specimens subjected to deep rolling is reported by [2].
Similarly, Pengfei et al. [3] state that the ultimate tensile strength of a low carbon
steel increases by 18.6 % after deep rolling. These findings suggest an appreciable
elevation in the specific strength of deep rolled components, thus making this
process attractive for applications where low weight is relevant.

In general, the maximum hardness value resulting from plastic deformation
after deep rolling is not found on the work surface, but beneath it where the
Hertzian stress reaches its maximum during the operation. Nevertheless, an
additional increase in yield strength and hardness can be obtained by reducing
grain size (Hall–Petch effect), as reported by [3].

Applied pressure, number of passes, ball diameter, rolling speed and feed rate
are the principal factors affecting the residual stress profile and surface finish. The
influence of ball diameter and applied pressure when deep rolling a cold work tool
steel with average hardness of 400 HV was reported by [4]. Lower surface
roughness values were obtained using the ball with largest diameter (Ø13 mm) and
highest pressure (400 bar).

Medium carbon steel parts subjected to deep rolling with a tungsten carbide ball
(Ø5 mm) presented a substantial decrease in roughness with the number of passes
[5]: arithmetic average height Ra equal to 4.01 lm after turning, 0.46 lm after the
first pass, 0.10 after the second pass and 0.09 lm after the third pass (maximum
peak to valley height Rt = 14.4 lm, then 2.76 lm followed by 0.78 lm and
finally 0.60 lm, respectively).

According to [6] there is a great level of interaction between the deep rolling
parameters and the generated surface texture, therefore, in order to reduce the
roughness of deep rolled medium carbon steel (187 HV) it is recommended to
employ high values for rolling speed, pressure and number of passes and small ball
diameters.

This work is focused on the influence of deep rolling parameters (pressure and
number of passes) on the surface finish and residual stress induced on turned AISI
1060 high carbon steel specimens.

Experimental Procedure

Bars of AISI 1060 high carbon steel (Ø20.3 9 135 mm) were used as work
material. The experimental method is depicted as follows: firstly, the specimens
were rough machined with geometry in accordance with [7] but with an oversize of
2 mm in diameter. The samples were then heat treated to the annealed state
(heating to a maximum temperature of 660 �C followed by furnace cooling), thus
resulting in an average hardness of 260 HV0.5. After that, finish turning was
carried out in two passes employing the following cutting conditions: pre-finishing
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at cutting speed (vc) of 200 m/min, feed rate (f) of 0.3 mm/rev and depth of cut
(ap) of 0.25 mm and finishing at vc = 100 m/min, f = 0.1 mm/rev and maximum
ap = 0.15 mm. Coated tungsten carbide inserts grade 4,215 and geometry DNMG
110408-PM were mounted on a tool holder code DDNNN 2020 K11 and used as
cutting tools (inserts and holder supplied by Sandvik Coromant). Finally, the
specimens were subjected to deep rolling under four distinct conditions: rolling
pressures (p) of 100 and 200 bar and number of passes (n) of 1 and 3 and using
constant rolling speed and feed rate values (vr = 100 m/min and fr = 0.07 mm/
rev, respectively). Four samples were produced under each condition, thus
resulting in a total of 20 runs (including 4 samples which were not deep rolled and
used as control).

Turning and deep rolling were performed in a high stiffness Gildemeister CTX
520 CNC lathe (145 kW power and 10,000 rpm maximum rotational speed). An
Ecoroll tool connected to a HGP 1.0 hydraulic pump (maximum pressure of
400 bar) was used for deep rolling. This device possesses 3 tungsten carbide balls
(Ø6 mm) equally spaced which simultaneously deep roll the work surface when
the required pressure is applied. Therefore, n = 1 and 3 mean that the surface was
rolled 3 and 9 times, respectively.

After the manufacturing of the samples, the assessment of the generated
surfaces was conducted in accordance with [8] standard using a Nanofocus l surf
confocal microscope (sampling length of 0.8 mm) and software MountainsMap
5.1. A Zeiss EVO 60 scanning electron microscope was employed for visual
inspection of the specimens’ surface. Surface axial residual stress and the corre-
sponding full width at half maximum values were measured using a GE Inspection
Technologies X-ray diffraction system model XRD 3003 TT with 2 mm diameter
point collimator. The sin2 W method was employed using CrKa radiation on 211
planes of the ferrite phase and varying W from -45� to 45�.

Results and Discussion

The influence of distinct values of pressure (p = 100 and 200 bar) and number of
passes (n = 1 and 3) on selected surface roughness parameters (arithmetic average
height Ra, root mean square roughness Rq, maximum peak to valley height in the
sampling length Rz, maximum peak to valley height in the assessment length Rt,
skewness Rsk, kurtosis Rku, reduced valley depth Rvk, core roughness depth Rk
and reduced peak height Rpk) is given in Fig. 1. The findings concerned with the
amplitude parameters Ra, Rq, Rz and Rt (Fig. 1a and b) indicate a remarkable
reduction in roughness after deep rolling, irrespectively of the parameters used,
however, lowest values are obtained applying p = 100 bar and n = 3 and the
further elevation of rolling pressure to p = 200 bar impairs the surface finish
probably due to plastic flow of the work material.

As far as the hybrid parameters are concerned (Fig. 1c), Rsk is sensitive to
occasional high peaks or deep valleys [9] and a null skew would be expected for a
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surface with symmetrical height distribution (as many peaks as valleys), whereas
profiles with filled valleys present Rsk [ 0, which seems to be the case.
Furthermore, Rku gives an indication of the sharpness of the curve and a kurtosis
value of approximately Rku = 3 suggests a Gaussian distribution of the profile
amplitude, while Rku \ 3 (turned surface, p = 0 and n = 0) denotes a surface
with relatively few high peaks and low valleys and Rku [ 3 indicates a surface
with many relatively high peaks and low valleys [9]. Finally, the results obtained
from the material ratio curve indicate a considerable reduction in the core
roughness depth (Rk) and in the reduced peak height (Rpk) after deep rolling due
to plasticization, see Fig. 1d.

Photographs of the surfaces processed under distinct deep rolling conditions
and using different magnifications are presented in Fig. 2, where the feed marks
left by the cutting tool can be clearly seen in Fig. 2a. After deep rolling using
p = 100 bar and n = 1 (Fig. 2b and c), feed marks are no longer visible as
plasticization takes place. An increase in rolling pressure to p = 200 bar (Fig. 2d
and e) leads to accentuated plasticization. Finally, when the number of passes is
increased to n = 3, see Fig. 2f, surface plastic deformation becomes evident.

Surface residual stress and full width at half maximum results are presented in
Fig. 3a and b, respectively. It can be seen that the tensile residual stress induced by
turning (average of 207 MPa) shift to compressive values after deep rolling (below

Fig. 1 Effect of deep rolling pressure and number of passes on surface roughness: a Ra and Rq,
b Rz and Rt, c Rsk and Rku and d Rvk, Rk and Rpk
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-450 MPa), however, no relationship can be drawn with regard to the influence of
the rolling parameters, probably owing to the fact that according to the Hertz
contact pressure theory the maximum equivalent stress is found beneath the surface.
Nevertheless, the full width at half maximum values suggest that distinct levels of
work hardening are induced depending on the rolling pressure, i.e., higher values

Fig. 2 Effect of deep rolling pressure and number of passes on surface texture: a p = 0, n = 0
(turned); b and c p = 100 bar, n = 1; d and e p = 200 bar, n = 1 and f p = 200 bar, n = 3

Fig. 3 Effect of deep rolling pressure and number of passes on: a surface residual stress and
b surface full width at half maximum
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were obtained applying a rolling pressure of p = 200 bar. This could be an
indication that higher dislocation density is obtained when higher rolling pressure
values are employed. Interestingly, no distinction can be made between the full
width at half maximum values with regard to the nature of the residual stress
(tensile or compressive).

Concluding Remarks

After subjecting annealed AISI 1060 high carbon steel specimens to deep rolling
under distinct rolling pressures and number of passes the following conclusions
can be drawn:

• A substantial improvement on the surface roughness amplitude parameters is
obtained after deep rolling, with lowest values being obtained applying a
pressure of p = 100 bar and number of rolling passes n = 3.

• As rolling pressure and number of passes are increased, more intense plastic
deformation and material flow takes place on the work surface, thus impairing
the quality of the surface.

• The tensile residual stress induced on the surface by turning shifts to com-
pressive stress after deep rolling, however, the influence of the rolling param-
eters is not evident. In contrast, higher full width at half maximum values are
recorded after deep rolling at higher pressure (p = 200 bar).
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Small-Scaled Modular Design
for Aircraft Wings

L. Overmeyer and A. Bentlage

Introduction

The product design already determines 70 % of the future product costs [1].
Therefore, the structural design offers a promising approach for reducing the
lifecycle costs of an airplane. An essential design parameter is the decision
between a monolithic or modular construction. The current design of aircraft
wings can be described as largely monolithic; the basic structure consists of a
small number of undivided components. For example the top cover of the Airbus
A350 wing consists of a single component with a length of 32 m [2]. For the
production of these large scaled components production machines, e.g. autoclaves,
with very huge dimensions are needed. However other aircraft parts such as the
fuselage are not one-piece components. The fuselage is composed of several
fuselage modules, which are pre-equipped and then riveted together. In this paper,
a small-scaled modular design for airplane wings is presented and the technical
feasibility is discussed. Moreover, we identified modularization factors which
significantly influence the decision between a monolithic or modular construction.

Literature Review

First modular constructions of large scaled products already exist in the industry.
In addition to the example of the aircraft fuselage also container ships [3] and
some rotor blades of wind turbines [4] are prefabricated in smaller modules and
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then assembled. Current scientific approaches to modularization only deal with
conventional products and do not consider large-scale products such as aircraft or
components of aircrafts, e.g. [5, 6]. Therefore, the term modularity is often ‘only’
used for the specific grouping of components to subsystems as independent as
possible. There is no methodology available to decide whether a modular design is
useful and which module size leads to the lowest costs.

In order to allow a differentiation between modularization approaches for
conventional products and a new modularization approach for large-scaled prod-
ucts the term small-scaled modular design is introduced. The distinctiveness of this
approach is the possibility to separate large components. A methodical approach to
determine the ideal module size for large scaled products was developed. The
approach is divided into the steps: design of a small-scaled modular product, check
of the technical feasibility, analysis of the economic viability and development of
a tool to determine the ideal module size. In the scope of this paper, the emphasis
is laid on the design of a modular wing and the technical feasibility.

Design of a Small-Scaled Modular Wing

In the first step a small-scaled modular product has to be developed. We selected
one of the most modern aircraft wings of a long-range, wide-body jet airline as a
reference product. While maintaining the basic wing shape, the geometric
dimensions and the material, different design concepts were developed. To support
the systematic development a morphological box was used (see Fig. 1).

The chosen set of parameters of the morphological box does not only form the
basis for the design concept but has also a significant influence on the manufac-
turing process. For example, the parameter ‘basic shape’ of the wing box deter-
mines beside design details especially in which steps the assembly of the wing box
is done, which has a significant influence on the accessibility during the sub-
sequent wing equipping.

Figure 1 shows in an exemplary manner four rough design concepts of a small-
scaled modular wing. In order to identify the best design concept, all concepts
were evaluated on the basis of the following criteria: manufacturability of the
components, easy assembly with a high proportion of preassembly, the use of state
of the art technologies, the estimated weight and the comparability to the reference
wing. Using this evaluation method variant 4 was chosen, especially because this
variant shows a high level of comparability to the reference wing and is based
upon currently available production technologies.

The wing box construction of this variant is comparable to current airplane
wings. Each module consists of a front spar, a rear spar, ribs and two covers.
Because of this construction every module can be produced independently.
Moreover, the tightness and geometric shape can be tested separately. The con-
nection of the modules through riveting overlapping elements allows in addition a
compensation of production tolerances. The developed concept also allows a
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separation of the wing box perpendicular to the span width of a wing. For sepa-
rations of this kind doubler sheets are used to connect the parts of the wing cover.
This ensures that there is adequate assembly space available for a connection of
separated ribs. The spars of the wing box modules are already equipped with
mounting devices for the leading and trailing edge, e.g. by the use co-bonding or
co-curing in the production of the spars. This allows a preassembly of the leading
and trailing edge with very good accessibility (see Fig. 2).

Fig. 1 Morphological box to design a modular wing

Fig. 2 Comparison of conventional and modular assembly
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Instead of standing under the wing to mount parts inside of the leading and
trailing edge the assembly can be done under improved agronomical conditions.
This assembly concept is comparable to the automobile industry, where e.g. the
cockpit is not equipped within the car but preequipped cockpit-modules are used.
After the leading and trailing edges are equipped and tested they are assembled to
the wing box. The mechanical connection is established by the mounting brackets,
in order to connect the electrical harness and the hydraulic pipes secured con-
nectors have to be used.

Technical Feasibility

The verification of the structural strength of a modular wing design is based upon
an analytical bending beam model. Through a simplification of the complex
geometry of the reference wing to a bending beam with linear decreasing height
and depth and with a fixed mounting a direct calculation of the stresses within the
wing box was made possible. In contrast to the use of a Finite Element Method
(FEM) an analytical bending beam enables a review of different wing geometries,
‘cutting’ positions, materials, and loadings without creating a complete new
model. The following Fig. 3 shows the considered structural loading and geometry
of the calculation.

The net loading of an airplane wing is the difference between the lift and the
weight force of the wing multiplied with the load factor F. This equals the weight
force of the fuselage multiplied with the load factor. As a reasonable simplifica-
tion, it is assumed that the lift force and the weight force are proportional to the
wing depth.

Using the Bernoulli–Euler differential equations for a beam model a calculation
of the bending moment and the bending itself is possible [7]. Because of the linear
decreasing height and depth of the analyzed wing a numerical Integration via the
trapezoidal rule is necessary. For 280 discrete spanwise locations the following
values were calculated:

Fig. 3 Structural loading and geometry
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with: S = shear force; M = bending moment; h = bending angle; w = bending;
y = y-coordinate of segment; E = elasticity modulus; I = local moment of inertia.

With the boundary conditions, that the shear force S and the bending moment M
equals zero at the wing tip and the condition that the bending angle h and the
bending are zero at the root, the bending beam model can be solved. On the basis
of the local bending moment and the local geometry of the wing the bending
stresses within the top and bottom cover can be calculated.

For the input parameters shown in Fig. 3, a minimal sheet thickness for every
discrete element and the use of an aluminum alloy with a yield strength of 350 N/
mm2 a maximal bending moment of 26,560,000 Nm and a maximal bending of
approximately 2800 mm was calculated. In addition, the results of this analytical
calculation were compared to an FEM simulation. The comparison showed, that
the bending beam calculation and the FEM-simulation provide very similar results.
As the FEM-simulation takes nonlinear effects into account, the bending calcu-
lated with the FEM simulation is always higher than the bending calculated with
the bending beam model. For the input parameters shown in Fig. 3 the relative
error is 11.5 %. The use of a bending beam model is therefore sufficient for a first
evaluation of the technical feasibility of a small-scaled modular wing and is more
flexible than a FEM-simulation.

The knowledge of the bending and the material stresses allows a rough
dimensioning of the rivet connection between the wing box modules. For example,
a connection of two wing box-modules in a distance of 10 m to the wing root
would require 2600 rivets with a diameter of 6 mm (calculation according to the
DIN 18 800-1 with the parameters shown in Fig. 3 and aluminum rivets). In order
to place this 2600 rivets on the cover and taking the minimum rivet distances into
account a connection with 5 rivet rows is necessary. The number of necessary rivet
rows determines the minimal overlapping of the individual wing box segments and
thus allows an estimate of the additional weight as a function of the number of
modules. For this example an overlapping of about 96 mm and an additional
weight of 7.87 kg was determined.

Besides an analysis of the structural strength, we identified additional factors,
which could prevent the realization of a small-scaled modular design: the neces-
sary installation space and the possibility to disconnect electrical cables. Current
aviation regulations specify a maximal number of disconnection points of
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Fig. 4 Installation space leading edge (worst case)

electrical cables. The result is that for a small-scaled modular aircraft wing a
complete pre-equipping of all electrical cables is currently not possible.

Furthermore, the analysis of the application example aircraft showed that even
at the area of the wingtip there is enough installation space to mechanically
connect the trailing edge modules with each other. In contrast to the trailing edge
the position with the least installation space for the assembly of the leading edge is
not the wing tip. Because the pipes of the bleed air system and the generator cables
do not lead from the wing tip to the root the position with the least installation
space is just behind the engine mount. Figure 4 shows in an exemplary manner the
available installation space for the connection of two modules under the most
complicated circumstances.

In this exemplary assembly situation several hydraulic pipes, a bleed air pipe,
several parts of the electric harness and a mechanical drive shaft for the slat system
have to be connected with each other. The connection is done via an open segment
of the leading edge cover which will be closed after the assembly process is
finished. The left part of Fig. 4 shows the available space to connect the wing box
modules with each other and the space to connect the leading edge to the wing
box. Especially the space to assemble the leading edge to the lower right mounting
bracket is limited but sufficient. The mounting of internal mounting brackets is
done via assembly and maintenance openings at the bottom of the leading edge.
The right part of Fig. 4 shows the assembly space to connect the different cables,
pipes, harness elements and drive shafts. It can also be seen in this example that
the assembly opening must not exceed a maximum size. Although a big opening
facilitates the assembly process, it reduces possible positions to secure cables
within the leading edge at the same time.

Economic Viability

For a substantial assessment of a small-scaled modular design of an airplane wing
the whole aircraft life cycle has to be considered. By an analysis of the whole
lifecycle of an aircraft and expert interviews we identified the following ‘modu-
larization factors’, which are significantly affected by a small-scaled modular
design (see Table 1).
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Further modularization factors with a lower impact to the lifecycle costs, like
ergonomics, the feasibility of retrofitting and a larger product variety, and recy-
cling could be identified, but are not considered within the method to determine the
ideal module size. Through this focusing on the most significant modularization
factors an application of the developed method in the preliminary design phase is
facilitated, as in the preliminary design phase only few and partly imprecise data
are available.

The modularization factors include contradictory design targets (see Fig. 5).
In order to facilitate the manufacturing and the transport a small module size

and thus a high number of modules should be realized. On the other hand, there are
other modularization factors which support a minimization of the number of
modules. For example, the fuel burn raises with an increasing number of modules
as every interface between two modules causes additional weight and aerodynamic
disruptions. Therefore, we use the predicted lifecycle costs as a measurand to
determine the ideal module size. By minimizing the total life cycle costs not only

Table 1 Modularization factors and possible effects

Modularization factor Possible effects of small-scaled modular design

Research and development
costs

Additional development work; easier subcontracting; use of module
catalogs

Manufacturability Different process capabilities; amount of rework; size of production
machines

Difficulty of assembly Accessibility and weight of components; additional assembly
operations

Transport costs Wider variety of usable transport systems
Fuel and maintenance costs Fuel burn due to weight and aerodynamics; different maintenance

effort

Fig. 5 Lifecycle costs as a function of the module size
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one design aspect like the manufacturability is optimized, but a global optimum is
reached. In further research activities, the developed cost functions and the set of if
then rules should be optimized and described in detail.
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Development of Machining Strategies
for Aerospace Components, Using Virtual
Machining Tools

L. Estman, D. Merdol, K.-G. Brask, V. Kalhori and Y. Altintas

Introduction

The innovation capacity of machining industry is highly dependent on the devel-
opment of new technologies to improve the efficiency and accuracy in production.
It is essential to develop methods for optimal selection of cutting tools, machining
strategies and machine concepts for various components and work-piece materials
in order to reach the productivity goals. The predictability of machining process is
the key to avoid undesired fails like tool-machine collisions, and to reach shorter
operation and setup time, energy efficiency, and optimal part quality with respect to
dimensional accuracy and surface integrity. Virtual machining tools are built on
physics, dynamics, kinematics and control models of machining systems and are of
significant importance to support the above activities. These with respect to
development of a competitive manufacturing economics to digitally evaluate;

• Process and operation planning, e.g., suitable machining strategies, cutting tools
and cutting data, generation of tool paths.

• Preparations for machining and quality evaluation, e.g. preparation of fixturing
and clamping devices, preparation of blank, post processing or CNC program-
ming, assembly and presetting of cutting tools etc.

A current study demonstrates the developed cutting tools and strategies in five
axis machining of impellers and blades at Sandvik Coromant in partnership with
Manufacturing Automation Laboratory at the University of British Columbia. The
use of virtual machining tools during process planning is discussed and the
industrial benefits are presented.
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Machining Strategies

Impeller and blade are among the most complex and costly aerospace parts to
machine. The requirements on high productivity and tight component tolerances
demand a very careful selection of cutting tools and parameters. High thermo
mechanical loads on cutting tools and in cutting zones, excessive distortion due to
residual stresses and tool deflection leading to undesired tolerance deviations need
to be avoided while reaching a better process efficiency, and lower production
costs.

To achieve the mentioned requirements Sandvik Coromant has developed a
number of machining strategies including cutting tools, machining methods and
machining concepts which are described as follows. The virtual machining tools
have been used both for establishing a higher understanding of the cutting process
and to verify the chosen strategies reaching extensive productivity improvements.
The development of strategies for machining of impeller has been focused gen-
erally on applying standard tool concepts such as Coromill Plura for flank milling
to achieve a high axial depth of cut to produce the profile in fewer passes.
Figures 1 and 2 show the terminology used within process planning for impeller
and blade.

Fig. 1 Impeller, Ti6Al4 V,
terminology

Fig. 2 Blade,
X22CrMoV12-1, terminology
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Flank Milling

In flank milling the material is removed with the periphery of tapered ball end
mills, see Fig. 3. In order to produce a flank milling tool path, two curves are
identified on the design surface. These curves then form the rails on which the tool
is rolled.

Waterline Milling of Aerofoil

In this technique, the cutting operation consists of a sequence of 2-dimensional
layers with varying depth of cut, each completed before the tool moves down to
the next as shown in Fig. 4.

Spiral Milling of Aerofoil (4–5 ax)

Semi roughing operation in which the work (as a helical gear) is given simulta-
neously a rotary motion and an endways motion, see Fig 5. Sandvik Coromant

Fig. 3 Flank milling

Fig. 4 Waterline milling of
Aerofoil

Development of Machining Strategies for Aerospace Components 65



application knowledge in combination with product development of the holding
system of CM600 has been leading the development of this methods.

Flank Milling of Hub and Shroud

The conventional method of machining hub and shroud is point milling where the
cutting is done with the bottom edge of the ball ended cutter. A 3D-profile is
generated with successive and many levels of passes.

The combination of point milling and flank milling has reduced the cycle time
of this operation from 20.00 to 9.15 min, see Table 1.

Optimization

Using standard commercial CAM packages to create an optimized tool path
usually results to an undesired variation of hex. In this section the use of opti-
mization platform MACHpro developed at The MAL University of British

Fig. 5 Spiral milling

Table 1 Timesaving using the machining strategies developed at Sandvik Coromant

Operation Machining Conventional min:sec Recommended min:sec

Rhombus Roughing Face milling 07:00 Face milling 04:25
Aerofoil Roughing Face milling 08:50 Waterline milling 07:00

Semi-finishing Spiral
milling

02:40 Spiral milling 02:12

Finishing Spiral
milling

06:00 Spiral milling 05:00

Hub and shroud Roughing Point milling 09:20 Flank and point
milling

05:50

Finishing Point milling 20:00 Flank and point
milling

09:15

Head and footh Finishing * 02:00 Face milling 02:00
Mounting slot Roughing and

finishing
* 01:40 Slot milling 01:40
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Columbia is discussed. The platform is used to verify the developed strategies and
to reach among other a constant chip load (hex) optimized cutting loads, etc. The
software analyzes the NC file and then, based on the stock removal simulation
process which is integrating physics-based material models, calculates the real
amount of material to be removed for each position of the cutter along the tool
path. Along the tool path the software can optimize the machining/cutting data
with respect to:

• Cutting force
• Chip thickness
• Spindle torque/power
• Tool deflection

For example, it is possible to determine the required cutting forces along the
tool path, with respect to the amount of material to be removed. In areas where
there is a reduced amount of material to be removed and cutting conditions are
favorable, the software will automatically increase the feed rate and update the NC
file. The software does not rely on amount of material removed to calculate
process outputs like forces. It rather uses intersection surface between tool and
work piece to calculate actual chip distribution along helical flutes and combines
this information with complex material models to determine the instantaneous load
on the tool. MACHpro can also detect the presence of chatter; feed drive loads and
allows the detailed analysis of process states at crucial states of the tool path while
considering the CNC dynamics of the machine which has great influence on chip
loads and cycle times, see Table 2.

Table 2 Optimized cycle time for Impeller machining using MACHpro

Operation Cycle time Productivity
improvement (%)

Application strategy
(min:sec)

NC-code Optimization
(min:sec)

Roughing 1 02:40 02:18 14
Roughing 2 01:47 01:23 22
Roughing 3 01:48 01:35 12
Roughing 4 01:10 01:00 14
Roughing 5 01:11 01:03 11
Semi finish 1 (Blade) 00:54 00:37 31
Semi finish 2 (Blade) 01:30 01:06 27
Semi finish (Hub) 02:59 01:34 47
Time Saving/blade 13:59 10:36 24
Total Time Saving
(eight blade Impeller)

111:52 84:48 24
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Conclusions

Machining strategies, cutting tools, and application methods developed at Sandvik
Coromant have led to significant productivity improvement and component quality
assurance. The use of virtual machining software MACHpro as a natural part of
production planning process has resulted to additional cycle time reduction and
tolerance accuracy when machining costly and complex to machine parts like
impeller and aerospace blades.
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Influence of 5-axes-kinematics
Geometrical Accuracy in Riblet
Manufacturing Processes

Berend Denkena, Jens Köhler and Thomas Krawczyk

Abstract The effectiveness of gas turbines can be improved significantly by
decreasing the friction losses. Compared to smooth surfaces riblet-structures have
been proven to reduce skin friction in turbulent flow up to 10 %. For the technical
application on compressor blades in turbo machines, micro riblet structures with a
riblet width between 20 and 120 lm and a depth of the half width are required.
Furthermore, the structuring process must be able to generate micro patterns, which
are orientated in stream direction, on free formed surfaces. So far, riblet structures
have been ground on single curved NACA6510. In order to grind riblet structures a
5–axes-grinding process is required. However, the complex motion of the grinding
wheel results in defects on the ground geometries. This paper presents the effect of
the 5-axes-kinematics on the riblet aspect ratio and, as a consequence, general
conditions, which enable a grinding process without defects on the ground riblets.

Keywords Five axes grinding � Micro pattern � Dressing

Introduction

A major aim in turbomachinery design is the increase of efficiency to reduce the fuel
consumption of aircraft engines or gas turbines and hence the operating costs and
CO2-emissions. To attain an increase of efficiency flow losses have to be reduced. A
large proportion of flow losses is generated by skin friction between the blade
surfaces of the axial compressor and the working fluid [1]. Hence, a decrease of skin
friction leads to an additional increase of efficiency. It is known that small ribs on the
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surface oriented in the mean flow direction can reduce skin friction in the case of
turbulent flow when their geometric features are appropriate to the local flow con-
ditions. Ideal riblet structures on compressor blades should have a riblet width
between 20 and 120 lm and an aspect ratio of riblet height to width of 0.5 [2, 3].

Compared to manufacturing processes such as laser machining [4], EDM, micro
milling and micro planing [5, 6] grinding with multi-profiled wheels has been
established as an effective method for generating riblet structures on large scale
surfaces. So far, riblet structures with an aspect ratio of 0.5 and a width of 60 lm
have been ground on single curved NACA6510 profiles whereby a reduction of the
near wall friction of about 4 % has been achieved [7, 8]. However, real compressor
blades have double curved or free formed surfaces. These surfaces have to be
machined with a 5-axes-grinding process. Hereby additional requirements on the
grinding process have to be considered [9, 10]. The tool paths have to be curved in
order to follow the curved stream flow. Such complex tool paths were used for e.g.
belt-grinding in mould manufacturing [11]. However, this grinding belts were not
profiled, hence the influence of the 5-axes-kinematic on the ground riblet struc-
tures is unknown.

To close the research gap in structuring of free formed surfaces the relevant
influencing factors on the accuracy of the riblet-geometry in 5-axes-grinding of
riblet structures on double curved compressor blades are investigated. This paper
deals with the impact of the 5-axes-kinematics on the ground riblet geometries, the
resulting boundaries and strategies, which enables a shift these boundaries.

Materials and Methods

In order to investigate the influence of the 5-axes-kinematics on the riblet
geometries grinding simulations were done which the simulation system CutS�.
CutS� used a three-dimensional dexel model, which represents the workpiece and
calculated the material removal due to the interaction with the tool. The verifi-
cations of the simulations have been carried out on a Blohm Profimat 407 5-axes-
surface grinding machine. The dressing system, using a diamond profile dressing
roller, is integrated into the machine. Vitrified bonded wheels whit a grain sizes of
17 lm have been selected due to their good dressability and good profile holding.
The grinding wheel profiles were dressed by the shift strategy. Here, one flank of
the profiles is dressed by a first plunge movement. The second plunge movement is
carried out with an axial offset of the dressing roller, whereby the other flank of the
profiles is dressed. Due to the process kinematics it is possible to generate all of the
profiles within two plunge movements. In order to avoid the influence of tool wear
during the verification Obomodulan� has been choosen as workpiece material.
Obomodulan� based polyurethane and has a density of 1200 kg/m3, compressive
strength of 82 MPa and a bending strength of 94 MPa.
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Results and Discussion

By grinding curved riblets undercuts can emerge, which result in a damage of the
riblet structures. The undercuts are a result of the contact conditions of grinding
wheel and workpiece. When a grinding wheel moves on a curved tool path, the
target groove geometry should be equal in cross section A–A and B–B at the time
t = 0 (Fig. 1). Due to the straight contact length, a groove at the right side of the
target groove will be ground. When the grinding wheel moves forward on the
curved tool path to the time t = n an undercut results (Fig. 1, top left). As a
consequence the width of the ground groove will be enlarged and the face angle of
the groove differs to the targeted angle. To investigate the influencing factors on
the undercut and to define the geometry of curved riblet structures, which can be
ground on free formed surfaces, the divergence of target face angle and generated
face angle was calculated as a function of tool path radius for different grinding
wheel diameter.

Figure 2 illustrates the divergence of the target face angle alpha and generated
face angle for varying grinding wheel diameter RWZ. The results show that un-
dercuts can be avoided when the diameter of the grinding wheel diameter is
adjusted to the tool path radius Rpath. By applying a grinding wheel with a
diameter of RWZ = 40 mm the divergence angle decreases when the tool path
radius rise till a radius of 60 mm. For bigger tool path radii the divergence angle
does not change. The minimal tool path radius, which does not result in undercuts,
is independent of the grinding wheel diameter. For a grinding wheel diameter of
RWZ = 144 mm no difference between the target angle and the actual groove
angle from a tool path radius about 210 mm occurred.

Similar results were observed in grinding experiments. The green line in Fig. 2
shows the divergence angle of target grooves and the ground one. Here, a grinding
wheel with a V-profile, a profile angle of 60� and a diameter of 144 mm was applied

Fig. 1 Emergence of undercuts
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and the same divergence angle like the simulated one results (green and red line in
Fig. 2). To conclude the use of a grinding wheel diameter which is adapted on the
required tool path radius enables grinding of curved riblet structures.

In order to avoid the influence of tool wear on the riblet geometries grinding
wheels with a big diameter should be used. However, this grinding wheel cannot
realize small tool path radii without geometrical defects. Thus, a new grinding
strategy has been investigated to realize small tool path radii and big grinding
wheel diameter. Until now, the grinding wheel are normal to the workpiece sur-
face, which results in a straight contact length. By tilting of the grinding wheel
about the angle b an adjusted position of the profiles on the grinding wheel leeds to
more curved contact length (Fig. 3, left).

On the right part of Fig. 3 the influence of grinding wheel radius Rwz on Rcrit is
shown. Rcrit is the smallest possible tool path radius which enables grinding
without geometric defects for different tilt angles. These simulation results show
that grinding with tilted grinding wheels enables smaller critical tool path radii
and/or the use of bigger grinding wheels.

Conclusion and Outlook

Ideal riblet structures reduce the wall near friction up to 10 %. Industrial appli-
cation requires grinding of micro patterns with an aspect ratio of 0.5 on free
formed surfaces in a shape accuracy about 10 lm. The simulation and grinding

Fig. 2 Relationship of undercuts and tool diameter by circular motion Rpath
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experiments show, that due to the 5-axes-kinematics defects on the ground riblet
structures can occur. However, if a grinding wheel moves on a circular path, the
ground structure are not influenced if a tool path radius above a critical tool path
radius is used. This critical radius can be decreased by applying smaller grinding
wheels. Moreover, a tilted grinding wheel with an adapted profile geometry
reduces the critical tool path radius, too. As future work, these results will be
verified in grinding investigations. More over, current investigations aim to
quantify the friction reduction by riblets in a real compressor.
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of the German Research Foundation (DFG) within the project ‘‘Riblets on Compressor Blades’’
(DE 447/51-3).
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New Technology for High Speed Cutting
of Titanium Alloys

Eberhard Abele and Roland Hölscher

In the aviation industry the weight of an aircraft has a strong influence on the
operating costs. Less weight means on the one hand less energy consumption and
on the other hand a bigger capacity for passengers and freight. Assuming a Boeing
747 would carry 10 % less fuel, a payload of 10 tons would be feasible. Hence the
net load ratio with equal weight is drastically improved. Furthermore secondary
savings such as lowering the demand of fuel and reducing maintenance costs
would promote a general reduction of the total costs [1].

To achieve such savings, the usage of lighter materials such as carbon fiber
reinforced plastics (CFRP) and titanium alloys is increasing. More CFRP means
not only weight saving, but also an increase of the usage of titanium. A reason for
that is a high electrochemical potential difference between CFRP and aluminum
alloys, which enhances corrosion. The connection between CFRP and titanium
alloys reduces such potential difference by 80 %. Thus the usage of CFRP leads to
a suppression of aluminum parts in the aviation industry. Fewer metal and fewer
sandwich materials means less metal machining. The new material mix of the
Boeing 787 Dreamliner and the Airbus A350 WXB is shown in Fig. 1. The
fraction of titanium alloys in the new Boeing and Airbus tripled compared to
previous aircrafts.

Even though the metal removing volume generally decreased in the aerospace
industry—the machining time increased. A reason for that is the very low and
viable titanium removal rate. Over the last decade such a removal rate quintupled
with aluminum parts; whereas the removal rate with titanium parts doubled
(Fig. 2, left). Today a metal removal rate of 15 l/min can be attained by machining
of aluminum. In the field of titanium machining the rate is about 0.25 l/min with
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solid carbide tools. In consequence the machining costs for titanium parts are
extremely high compared to aluminum parts [2].

In the following the paper presents the reasons why the metal removal rate in
titanium is still very low. The low E modulus, the high cutting forces and the very
low heat coefficient are tough on the machining process (Fig. 2, right). A very low
heat conductivity of k = 7.12 W/mK of Ti6Al4V (in comparison with Ck 45 and
Al 7075), causes along with cutting speed, feed and width of cut a development of
extreme temperatures on the cutting edge.

The heat conductivity of aluminum is greater than that of titanium by a factor of
15. Another major difference lies in the heat dissipation in the chips. Over 75 % of
the process heat is dissipated in the chips during aluminum machining whereas
only 25 % goes into the chip in titanium machining. That means the tool faces an
enormous temperature load. High temperatures at the cutting edge cause adhesion
and diffusion processes, leading to high tool wear (Fig. 3).

A low E modulus also shows that titanium yields to the pressure of the cutting
material. The danger of vibration behavior with weak parts increases. This is
further supported through yield strength ratio and only partially allows plastic
deformation. Because of the compliant material, the material springs back further
under the impact of the cutting force, causing a decrease of the clearance angle in
the area of the clearance surface. Low cutting velocities and high forces combined
with a low excitation frequency may cause chatter [3].

The extremely low heat coefficient causes a disability of the High Speed
Cutting (HSC)-Effect with titanium machining. The increased tensile strength of
titanium at higher cutting speed and the missing ability of the introduction of the
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cutting heat cannot cause a decrease in the cutting forces and also result not in
material softening. The titanium material cannot transfer the process heat through
the chips, causing heat accumulation and thermal overload at the cutting edge [4].

To use the advantages of the HSC-Effect in titanium machining the conditions
have to be artificially established. The warm machining process offers promising
starting points. In the conventional titanium machining the goal was a high cooling
efficiency, whereas now additional energy in form of heat is transferred into the
process. The aim is to achieve a better machining, by influencing the material
characteristics of the machining process [5].

The material properties of Ti6Al4V at growing temperatures shows that tensile
strength, shear strength, E modulus, tendency of hardening, heat conductivity and
specific heat capacity decreases. This change of the material properties means for the
machining process that the cutting forces decrease and also the wear of the cutting
tools decrease. The tool life increases and the chip formation improve (Fig. 4) [6].

The warm machining offers completely new potentials as to the changed
material characteristics. Because a multiplicity of titanium parts are structure parts
with big dimensions, the heat transfer is of crucial importance. Figure 5 gives an
overview on the available possibilities, structuring them according to ‘‘through and
partial heating’’ of the part [7].

Theoretically only the area that is going to be machined on can be heated which
can be realized through a laser beam that is nowadays relatively cheap and
applicable at different power settings. Most obvious advantages of such a heating

Fig. 3 Heat accumulation at
the cutting edge
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source is that it is able to be positioned and moved easily, which comes in handy
with the processing of more complex parts. During the heating process with a laser
beam only the part’s surface (max. depth 1 mm) is heated. The disadvantage of the
usage of such a device is the partial heating of the surface due to heat power loss.
The heat can only be transferred through heat conductance. A low heat coefficient
of Ti6Al4V is not giving the desired support. Hence the heat dissipation is not
homogenous and the temperature drops rapidly from the surface toward the center
of the part. That is a big disadvantage when trying to realize improvements in
metal removal rate. A further analysis of the manufactured part’s surface is crucial
to figure out if the heat input caused any unwanted structural damage or induced
any internal stress [8].

Another possibility to achieve the warm machining process is the energy
feeding input through induction, which can introduce the heat into the material up
to 15 mm due to a relatively homogenous temperature profile. In front of the tool/
spindle the inductor is running which is heating the work piece. The process is
relatively easy adjustable in terms of geometry and positioning of the spindle. The
depth of the inductive generated fields paired with the depth of the heat insertion
can be adjusted by the frequency. Through the feed rate of the machine process
and the desired temperature difference, along with the specific heat and the heated
mass, the demand on the heating source can be calculated. This however means
that with the power request of the generator, different temperatures in the part
which will machine can be step less adjusted.

Figure 6 shows on the left side the experimental setup. The inductor which is
arranged before the tool is heating the material. On the right side the inductor is
shown in detail. The marked area is faced to the work peace surface during
milling. This part is directly related to the preheated work surface. In this case, the
inductor geometry has to be adapted to the machining operation. With the help of
the booster material the magnetic field is limited on a certain area on the work
piece surface.

Heating up the hole part Heating up only the cutting area

• usage of residual heat of force
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• heating through friction
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Fig. 5 Options for heating
the titanium alloy
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The main focus of research deals with finding of ideal cutting temperatures as
well as technological parameters to increase the productivity. Initial investigations
showed a decrease in cutting forces by about 30 %. The results show, that tool life
was the same compared to conventional machining.

Talking about preheating machining it should be mentioned, that the material
removal rate must be adapted to conventional machining. Due to the state of the art
the material removal rate shall beat the value for peripheral milling cutter (cutting
speed vc = 70 m/min, feed per tooth fz = 0.3 mm, ae = 0.5 * d mm,
ap = 10 mm, z = 5). In addition to conventional machining the tool life expected
for preheating titanium alloys shall beat 45 m with uncoated carbide cutting inserts
and 110 bar inner cooling and additional flood cooling with ester oil. Regarding
the conventional machining or HPC-Strategy, the new HSC-Strategy requires
increased cutting speeds. The aim of the new technology implementation is to
achieve higher productivity. Thus the material removal rate can be raised.

Figure 7 shows the measured temperatures at different depths in the work piece.
For this purpose thermocouples were inserted laterally into the workpiece material.
They measured the temperature at various depths. (The sensors were inserted 3, 6, 9
and 12 mm in the titanium alloy work piece at a distance of 20 mm.) The induction
system produced 60 KW and a frequency of 18 kHz, which the inductor transfers in
heat at the follow step. Figure 7 (left) shows the realized temperatures from about
680 �C at 3 mm depth up to 280 �C in 12 mm depth, which were produced by the
induction. The measured data converge over the time, when the temperature is
allocated in the test material by conduction. During machining the milling tool
follows the inductor. Thus the preheated material is machined immediately.
Through the effective time which the inductor is heating, this can be controlled by
the feed rate or by the power of the induction system, so that the temperature can be
controlled. Figure 7 (right) shows a higher material removal with the adjusted
technology parameters (vc = 300 m/min, fz = 0.1 mm ae = 0.5 * d mm,

Fig. 6 Test setup (left) and Inductor (right)
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ap = 10 mm, z = 5) in comparison with the conventional machining. The best
machining results are reached at temperatures around 500 �C.

The investigations showed that the cutting speed could be significantly
increased with the preheating machining. In addition, the results showed that there
is a possible way to implement an HSC-Strategy in machining titanium alloys
(Fig. 8). In future, further investigations must show whether the surface of the
titanium alloys has structural changes resulting from preheating or induces
unwanted stresses. If the work piece surface does not confirm the requirements or
the preheating modified the tolerances cause of thermal draft, there could be a
solution through a conventional finishing process.

Conclusively warm machining of titanium alloys at temperatures around
500 �C allows lower cutting forces and less tool wear. In addition the process of
the induction assisted machining allows to reduce the process time through the
increase of technological parameters.

Hence production costs of titanium parts, which have a high removal rate, are
going be noticeably lowered.
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Cutting Lightweight Materials
with Surface Modified Tools

Frank Barthelmä and Heiko Frank

Abstract The processing of new and advanced high performance materials
becomes more important due to new cutting materials, adjusted tool geometries
and coating systems. For the development of innovative tools and technologies,
new approaches and procedures were used with consideration of the requirements
and parameters of the cutting material [1]. The optimization of cutting edges and
hard coating systems is one possibility to improve the process productivity and the
product quality of produced parts. Practical examples from research and devel-
opment, and the practical transfer of research results into the industrial practice
will be presented in this publication.

High Performance Materials and Fields of Applications

The demand for weight reduced parts and products in the different application fields
as aircraft or automotive industry as well as the mechanical engineering leads to the
substitution of the normally used steel or cast materials by aluminum or high per-
formance materials. In the aerospace industry titanium and titanium alloys become
more important. These functional lightweight materials often are difficult to
machine. Based on these challenges, extensive investigations must be carried out.
Selected examples of difficult to machine materials will be given in the next sections.
Of special interest are titanium and titanium alloys and carbon respectively glass
fiber reinforced plastics (CFRP/GRP) for the application in the aircraft industry.

Examples are the threading as well as the milling of titanium based alloys. A
further key aspect is the drilling and milling of CFRP/GRP with regard of
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functional adjusted cutting edge microstructure, development of new coating
systems and adapted surface post-treatment processes.

Selected Cutting Examples: Titanium and CFRP/GRP
Materials

Cutting of Titanium

At first, systematic investigations were done to develop cutting strategies to thread
in titanium based alloys. Here the objective was the determination of the optimized
parameters for the tool macro- and micro geometry, the proper wear resistant
coating and the post-treatment process after coating deposition.

First the characteristically wear behavior of hard coating systems against tita-
nium material was determined in tribological tests at room temperature and ele-
vated temperatures. Conventional coatings like TiAlN or TiAlCN shows a strong
adhesion of titanium material, in particular at elevated temperatures. Using dia-
mond like carbon (DLC) coatings with a very low friction coefficient in the tri-
bological tests, the adhesion and the abrasive wear can be reduced.

Cutting edge preparation and pre-treatment also strongly influences the cutting
process and the friction behavior. The pre- and post-treatment were done with drag
finishing process, whereby a cutting edge radius of about 5 lm shows the best
results in the cutting tests.

The combination of pre- and post-treatment and the DLC coating leads to a
significantly increase of more than 60 % in the life time of DLC coated tapping
tools compared to the standard tools. This increase was verified with different
process parameters (Fig. 1). Furthermore the low friction coefficient of the used
DLC coating can be used to reduce process temperatures and cutting forces and
moments [2].

A similar procedure was used to improve the tool life in high performance milling
of the titanium alloy TiAl6V4. Cutting edge preparation and post-treatment were
used for deburring and stabilizing the cutting edge, the optimized cutting edge was
about 5 lm. Post treatment has an effect on the friction behavior and the surface
roughness [3].

Milling of TiAl6V4 leads to a higher process temperature, therefore DLC
coating are not suitable due to an insufficient thermal stability. In the investiga-
tions, a combination of oxides and nitrides in one hard oxinitride coating was used
to improve wear behavior and the thermal stability at higher process temperatures.
Milling tests with these new AlCrN-based oxinitride coatings show an increase in
the tool life primarily at a higher cutting speed (Fig. 2).

Main results of the presented solutions of titanium cutting are the choice of the
proper hard coating in combination with the optimized pre- and post-treatment.
For the practical use of the results a sharp cutting edge without burrs leads to the
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best results in tool life. Furthermore a post treatment of the coating is necessary to
remove droplets and reduce the surface roughness. The hard coating system must
be chosen according to the real cutting conditions.

Fig. 1 Number of formed threads in Tial6V4 of different coated and prepared tapping tools

Fig. 2 Tool life of milling tools with different coatings in milling of TiAl6V4
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Cutting of Fiber Reinforced Plastics

In the last years fiber reinforced plastics becomes more important due to the
advantageous properties. The wide application field of these lightweight materials
requires further development of technologies, processes tools and machines to
evaluate and reduce delamination, fiber overlap, fibers pull out or similar phe-
nomena. Investigations in cutting tools for CFRP/GRP are focused on the appli-
cation of new and improved cutting materials, tool geometries, and new coating
systems.

In cutting of fiber reinforced plastics, the application of an optimized cutting
edge micro geometry and a dedicated coating system is essential for a good cut of
the CFRP/GRP and a long tool life. In investigations, the combination of the new
oxinitride coating with a sharp and smooth cutting tool, leads to increase in tool
life up to 130 % and a sharp cut of the CFRP/GRP (Fig. 3). The cutting edge
preparation and the polishing of the coating were done by the drag finishing
process.

Potential of New Wear Resistant Coatings for Improved
Sustainability and Energy Efficiency

Developing of sustainable innovative tools and technologies for new materials
demands the application of dedicated coating systems for tools, parts and com-
ponents. Depending on the used applications, new hard coating systems can be
used to increase the tool life and the wear resistance as well as to increase tem-
perature stability or to reduce friction behavior. Such new concepts are oxinitride
coatings or DLC coatings as mentioned above. A relevant aspect of these new
coatings is the adjustment of the optimal coating architecture such as nanocom-
posites, multi- or gradient layer as well as the adapted adhesion layer systems [4].

Fig. 3 Cutting of CFRP/GRP: coating system and coating post-treatment
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The combination of oxides and nitrides in oxinitride coatings can lead to an
increase in coating properties like temperature stability or coating hardness. Fig-
ure 4 shows the higher hardness of different oxinitrides compared to nitride
coatings.

Fig. 4 Hardness of new oxinitride coating systems

Fig. 5 Friction coefficient of different conventional and diamond like carbon coatings
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Different variations of DLC coatings can be used to obtain very low friction
coefficients of the tool surfaces. Depending on the base coating, the DLC structure
(amorphous, tetrahedral amorphous) and the alloying elements (metal, Si) the
friction coefficient in an oscillating friction test can be varied in the range between
0.43 (nitride base coating) and 0.04 (ta-C tetrahedral amorphous carbon coating)
like shown in Fig. 5.

To adjust these innovative coatings to the different cutting applications of the
new materials, an optimized pre- and post-treatment of the used tools is necessary.
In combination with the cutting process, the complete process chain of cutting tool
production must be considered. Of special interests are the aspects of cutting edge
preparation, coating deposition and surface finishing (Fig. 6).

Conclusion

In the presented contribution some issues of cutting new functional materials have
been illustrated. The presented results are key aspects of the research and devel-
opment of the GFE—society production engineering and development and of the
industrial and research partners. Conclude the necessary tools and technologies to
machine new functional materials, basic knowledge about tool construction (cut-
ting material, geometry, coating systems) is necessary as well as the exact
adjustment of the process technology on the application.

The development of new coating systems and optimized cutting edge and
surface properties (micro and macro geometry) shows a high innovation potential
for further applications.
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Process Force and Stability Prediction
of End Mills with Unequal Helix Angles

R. Grabowski, B. Denkena and J. Köhler

Abstract The stability of cutting processes in end milling can be increased by an
optimization of the tool geometry. In this paper the influence of unequal helix
angles is investigated. Unequal helix angles lead to varying tooth pitches. Thus,
the cutting condition of each tooth is different. A mechanistic model is presented to
determine incremental process forces along the tool axis. Based on the proposed
model, stability charts for tools with unequal helix angles are computed and
compared with experimental investigations from literature. The presented results
show that tools with an optimized geometry can increase the stability significantly.

Introduction

In metal cutting, the productivity of machining operations is often limited by
chatter vibrations which occur during the cutting process. The regenerative effect,
which is the main cause of chatter, is the major reason for unstable machining
behavior. In order to increase the stability of end mill operations, the influence of
the geometry of the tool is investigated by making various modifications, i.e.,
unequal tooth pitch and/or different helix angles [1]. As described by Stone, tools
with unequal helix angles influence the regenerative effect [2]. Variable helix
angles lead to changing tooth pitches along the tool axis. This affects the uncut
chip thickness modulation, caused by the regenerative effect. With a lower uncut
chip thickness modulation, the occurrence of chatter vibrations can be avoided.
The method by Yusoff and Sims to predict the stability of end mills with unequal
helix angles leads to a large discrepancy between experimental and predicted
results [3]. With the presented method, the discrepancies can be reduced.
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Mechanistic Process Force Model

Unequal tooth pitches influence the process forces. This is considered by the
presented mechanistic model. Based on this model, the process stability for tools
with unequal helix angles can be predicted.

Influence of Different Helix Angles on Process Forces

Figure 1 shows a section of an end mill with constant and varying tooth pitch. For
a constant tooth pitch, the cross-sections of the undeformed chip A1–A3 are equal
for all teeth. Changing the tooth pitch affects the cross-section of the undeformed
chip, as shown on the right side. Due to the enlargement of the pitch p1, the cross-
section of the undeformed chip of tooth t1 is increased. Simultaneously, the cross-
section of the undeformed chip of tooth t3 is decreased due to the smaller pitch p3.
Thus, the amplitude of the process force induced by tooth t1 is bigger than the one
induced by tooth t3.

For a tool with different helix angles, the pitch between the teeth is changing
along the tool axis. Figure 2 shows an end mill with four teeth and two different
helix angles d1 and d2, whereas d2 [ d1. The force vectors shown in Fig. 2 represent
the maximum value of the tangential cutting force Ft,max,j of the jth cutting teeth at
the Process force and stability prediction of end mills with unequal helix angles 3
considered axial section z. Depending on the axial position, the tooth pitches vary,
which leads to different values for the force vectors (compare A–A and B–B).

Derivation of the Process Forces

The following approach is based on the work of Lee and Altintas and is used to
derive the process forces of an end mill with a constant axial immersion angle
k(z) = 90� [4]. Due to the changing tooth pitches, it is necessary to integrate the
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Fig. 1 Influence of tooth pitch on the cross-section of the undeformed chip
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tangential force DFt(t, zi) and radial force DFr(t, zi) along the z-axis to obtain the
feed force Ff(t, zi) and feed normal force FfN(t, zi). In the following, this inte-
gration is approximated by a sum of Nz-discrete forces:

Ff t; zið Þ
FfN t; zið Þ

" #

¼
XNt

j¼1

XNz

i¼1

cos �/j t; zið Þ
� �

� sin �/j t; zið Þ
� �

sin �/j t; zið Þ
� �

cos �/j t; zið Þ
� �

" #

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
¼T /j t;zið Þð Þ

DFt;j t; zið Þ
DFr;j t; zið Þ

" #

: ð1Þ

T(/j(t, zi)) is a rotation matrix consisting of the flute angle /j(t, zi) of tooth j at
the ith discrete position zi. Nt is the total number of teeth. The incremental tan-
gential and radial forces can be obtained by the following equation:

DFt;j t; zið Þ
DFr;j t; zið Þ

" #

¼
Ktc

Krc

" #

h /j t; zið Þ
� �

þ
Kte

Kre

" # !

Dzg /j t; zið Þ
� �

ð2Þ

with the incremental depth of cut

Dz ¼ ap

Nz
with Nz 2 N ð3Þ

The step function g(/j(t, zi)) is used to determine if the current increment I of
the cutting edge j is in contact with the workpiece:

g /j t; zið Þ
� �

¼
1 ;/st� /j t; zið Þ�/eX

0 ; else

(

: ð4Þ

/st is the entry angle and /ex the exit angle. The chip thickness h(/j(t, zi)) is
separated into a stationary part hstat (/j(t, zi)), based on the approximation by
Martelotti [5], and a dynamic part hdyn (hj(zi)) for stability prediction [6]:

h /j t; zið Þ
� �

¼ fi zið Þ sin /j t; zið Þ
� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
¼hstat /j t;zið Þð Þ

þ 0 1½ �T /j t; zið Þ
� ��1 Dx t � hj zið Þ

� �

Dy t � hj zið Þ
� �

" #

�
Dx tð Þ
Dy tð Þ

" # !

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
¼hdyn hj zið Þð Þ

ð5Þ

B B

A A

Tool with unequal helix angles:

t1

A-A nt2 t3

t4

F (z )t,max,1 A

F (z )t,max,4 AF (z )t,max,3 A

F (z )t,max,2 A

B-B
t1

n
t4

F (z )t,max,1 B

F (z )t,max,4 BF (z )t,max,3 B

F (z )t,max,2 B

z t2 t3

Gra/72757 © IFW

Fig. 2 Influence of the tooth pitch on process forces
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Due to the changing tooth pitches pj(zi), the constant feed per tooth fz must be
substituted by an effective feed fj(zi) [7]:

fj zið Þ ¼ fzNt
pj zið Þ

2p
with pj zið Þ ¼

/j�1 t; zið Þ � /j t; zið Þ; j 2 1; . . .; z� 1f g
2p� /1 t; zið Þ � /z t; zið Þ; j ¼ z

(

ð6Þ

Hence, the tangential and radial forces are also separated as follows:
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with the static part
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and the dynamic part
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The time delay

hj zið Þ ¼
pj zið Þ
2pn

ð10Þ

depends on spindle speed n and the tooth pitch, and thus, different helix angles
influence the dynamic force components. Kleckner presented a method to predict
stability charts for turning operations [8, pp. 122–124]. This method was imple-
mented for milling tools with unequal tooth pitch by Sellmeier et al. [9]. Further
extensions were made in order to take a varying tooth pitch along the z-axis, due to
different helix angles, into account. These extensions are based on the presented
mechanistic model. Figure 3 shows a three-dimensional diagram of the incre-
mental stationary tangential forces DFt,stat, j(t ,zi) for one revolution of a full-
immersion operation. The end mill consists of three teeth with different helix
angles and the following parameters were chosen: Ktc ¼ 794 N

mm2 ; ap ¼
5 mm and Nz ¼ 100: At the bottom of the tool, the tooth pitch is the same for all
teeth, which leads to DFt,stat,j(t, zi) = 12 N for all teeth. For the highest incre-
mental axial position, the differences are apparent. For the incremental axial depth
of cut Dz at Nz = 100, increasing and decreasing amplitudes can be seen:
Nz = 100 (DFt,stat,1(t, z100) = 9 N, DFt,stat,2(t, z100) = 13 N and DFt,stat,3(t,
z100) = 13.5 N).
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Experimental Validation

Yusoff and Sims investigated the influence of varying helix angles on the process
stability [3]. Their experimental data is used to evaluate the proposed method. To
predict stability charts, they approximated the cutting process by a one degree of
freedom model. The modal parameters are used for the prediction of stability
charts. Figure 4 shows the experimental and predicted stability charts. On the left
diagram, the investigated tool had a constant tooth pitch and helix angle. The
experimentally determined minimum stability limit for all spindle speeds n can be
found at an axial depth of cut ap, min = 0.3 mm, which agrees well with the
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calculated stability chart. The right diagram shows the results for a tool with
unequal tooth pitch and different helix angles. In comparison to the reference tool,
the stability limit is increased. The minimum stability limit is ap, min = 0.7 mm for
the experimental and predicted stability chart. Thus, the minimum stability limit
could be increased by over 200 %. The discrepancies between the analytical
stability lobes and experimental results might result from the fact that only one
mode of the flexible workpiece was used for the mechanistic model of the milling
process.

Conclusions

Tools with optimized geometric shapes, e.g., different helix angles, can improve
the process stability, and thus, the productivity. For a solid validation of the
presented method, further experiments must be carried out. This also includes
modeling a milling system with multiple eigenmodes and an in-depth analysis of
the experimental and predicted chatter frequencies.

Acknowledgments This work has been supported by the Ministry for Science and Culture of
Lower Saxony (MWK) within the excellence cluster ‘Pro3gression’.

References

1. Sims, N., Mann, B., Huyanan, S.: Analytical prediction of chatter stability for variable pitch
and variable helix milling tools. J. Sound Vib. 317(3–5), 664–686 (2008)

2. Stone, B.: The effect on the chatter behavior of machine tools of cutters with different helix
angles on adjacent teeth. In: Advances in Machine Tool Design and Research (Proceedings of
the 11th International MTDR Conference), University of Birmingham, vol. A, pp. 169–180
(1970)

3. Yusoff, A.R., Sims, N.D.: Optimisation of variable helix tool geometry for regenerative chatter
mitigation. Int. J. Mach. Tools Manuf. 51/2, 133–141 (2010)

4. Lee, P., Altintas, Y.: Prediction of ball-end milling forces from orthogonal cutting data. Int.
J. Mach. Tools Manuf. 36(9), 1059–1072 (1996)

5. Martelotti, M.E.: An analysis of the milling process. Transactions of the ASME 63, 667–695
(1941)

6. Sellmeier, V., Denkena, B.: Stable islands in the stability chart of milling processes due to
unequal tooth pitch. Int. J. Mach. Tools Manuf. 51(2), 152–164 (2011)

7. Engin, S., Altintas, Y.: Generalized modeling of milling mechanics and dynamics: part 1:
helical end mills. Am. Soc. Mech. Eng. Manuf. Eng. Div. (MED) 10, 345–352 (1999)

8. Kleckner, J.: Ein Beitrag zur Analyse dynamischer Interaktionen bei selbsterregungsfShigen
Drehbearbeitungsprozessen. PhD thesis, TU Darmstadt, August 2001

9. Sellmeier, V., Denkena, B., de Leon, L.: Impact of the tooth pitch on the process stability of
milling. In: Proceedings of the 1st International Conference of Process Machine Interactions
(2008)

96 R. Grabowski et al.



High Rate Production of Laminar Wing
Covers With Modular ‘‘Shoe Box’’
Tooling

Markus Kleineberg and Matthias Grote

Introduction

Lightweight design is one of the major drivers for primary airframe structures
because efficiency of future aircrafts is the dominating sales argument. CFRP
(Carbon Fiber Reinforced Plastic) based airframe components do have the
potential to challenge sophisticated aluminum structures but the complexity of the
production sequence, the number of production parameters that have to be opti-
mized and last not least the natural tolerances of the highly developed raw
materials are crucial challenges for the development phase. In 1983 Airbus pre-
sented the A310 with an innovative composite VTP (Vertical Tail Plane) and by
doing this Airbus set the course for today’s fully composite based aircrafts like the
Boeing 787 and the Airbus A350XWB (Fig. 1). Drag reduction is another
important enabler for future aircraft efficiency. To achieve this drag reduction it is
a primary goal to produce wing structure with extremely smooth and precise
surfaces in order to provide laminar flow capabilities at high Mach numbers.

Design for Production Aspects for Composite Components

Even though various successful composite design and production concepts have
been developed in the last 30 years it is still worth looking at the principle idea of
the very first composite VTP of the Airbus A310. In contrast to many differential
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composite solutions (joined skin, stringer and rib components) that could be
characterized as ‘‘Black Metal’’ the highly integral A310 VTP design (skin with
integrated stringers and rib posts) was consequently tailored to utilize the CFRP
advantages and minimize joining operations. The resulting structural component
was highly competitive from a weight efficiency point of view but the manufac-
turing approach was optimized for a very low production rate of only 1–5 aircrafts
per month with a very high amount of manual interaction during manufacturing.
Today’s single aisle aircrafts like the Boeing 737 or the Airbus A320 are produced
with a rate of 40 and more aircrafts per month which means that the manufacturing
strategy has to ensure a production window of less than 8 h for one aircraft.

In order to limit the overall production risk for composite structures there still is
a tendency to produce large but rather simple ‘‘Black Metal’’ structures with
reduced structural integration and accept the resulting increased assembly effort
and weight penalty. What might have been underestimated in this respect is that
the geometrical precision of composite structures is heavily influenced by various
specific effects that have to be dedicated to the anisotropic nature of CFRP.
Especially laminate thickness variation due to variable fiber content and ‘‘Spring-
In’’ deformations at curved sections lead to increased scatter in geometrical
accuracy and subsequently to expensive and time consuming rework and shim-
ming operations during assembly.

Fig. 1 Boeing 787 with composite airframe
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The ‘‘Shoe Box’’ Wing Skin Design

Taking the above mentioned experiences into account the selected approach for a
future high rate production composite wing cover with laminar flow capabilities in
the ongoing BMWI (Bundesministerium für Wirtschaft und Technologie) founded
LUFO (Luftfahrtforschungsprogramm) program was to go back to the very roots
of composite applications and realize a highly integral design with selected
modifications to ensure an efficient production and assembly process. The major
prerequisites were maximized geometrical accuracy in all joining areas and
minimized cycle times. The high degree of structural integration in the backing
structure provides sufficient global rigidity to minimize process induced defor-
mations on the aerodynamic outer surface which in turn ensures laminar flow
capabilities. In order to simplify manufacturing all undercuts have been eliminated
e.g. by parallelizing stringer blades and by choosing a T-Stringer design (Fig. 2).

The ‘‘Shoe Box’’ Manufacturing Approach

A major prerequisite for the ‘‘Shoe Box’’ manufacturing approach which has been
developed in close cooperation with Airbus und Premium Aerotec was that
existing process certification rules can be applied. Even though the final wing
cover structure is fully integrated and based on compatible prepreg semifinished
products it has been decided to choose different preparation concepts for the flat
skin laminate and the bi-directional backing structure.

In case of the flat skin laminate a robot based multi head ATL (Automatic Tape
Laying) concept has been chosen because this approach allows to increase the lay-
up rate without exceeding a critical lay-up speed and limits the investment costs
because highly flexible standard robots and rail systems can be used (Fig. 3).

To realize the bi-directional backing structure it has been decided to wrap box
like tooling modules with prepreg fabric (Fig. 4) and combine the tooling modules
in a way that stringers and rib caps are formed. To provide the required

Fig. 2 Fully integral ‘‘Shoe
Box’’ wing skin approach
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consolidation pressure for the prepreg a material mix of aluminum and Invar is
used where the thermal expansion of the aluminum compresses the prepreg stack.

To provide the required global geometrical precision each tooling module is
directly linked to an Invar base plate. In order to provide maximum precision in
the joining area the fixed bearing of the tooling module is located at the surface
that forms the joining area of the rib cap. Since it is a known problem that heating
and cooling of massive tooling modules is critical for the cycle time hollow tooling
modules where applied. To further increase heat-up and cool down rates the air-
flow of the autoclave was lead through the tooling modules (Fig. 5).

Skin lay-up and backing structure lay-up together with their dedicated tools are
then combined and the resulting tooling can be described as a closed autoclave
mould without the typical vacuum bag of classic open moulds (Fig. 6).

A further innovation that shall be demonstrated with the modular ‘‘Shoe Box’’
tooling is a quality assurance and logistic feature, integrated in each tooling

Fig. 3 DLR GroFi
production center in Stade

Fig. 4 Wrapping of tooling
modules
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module to monitor the process chain. With respect to the industrial production
scenario this is an approach to establish a robust and self-adjusting wing pro-
duction environment where each tooling module knows its current status from a
wear point of view, its position in the facility and all other quality relevant process
data like e.g. the dedicated lay-up sequences and flat patterns. Special high tem-
perature and resin resistant RFID chips have been identified to enable this feature.

Fig. 5 Hollow aluminum
tooling module

Fig. 6 Final tooling setup

High Rate Production of Laminar Wing Covers 101



For future applications it is also planned to integrate specialized sensors and
actuators in the tooling modules in order to be able to interactively adjust the
processing conditions (e.g. airflow through the core) to what is exactly required in
the on-going process. Process compatible Piezoceramic elements and the dedi-
cated analyses hardware have been developed to monitor all relevant process
parameters like e.g. degree of cure and gaps between adjacent tooling components.

A constant data exchange shall ensure, that all relevant production parameters
are within their limits and that all logistic action can automatically be adjusted to
the current process status. Furthermore each ‘‘Shoe Box’’ tooling module shall
have the ability to optimize its local thermal boundary conditions by actively
adjusting the airflow through the hollow core. Up to a certain level variations in the
cure behaviour of the resin system and deviating fiber contents in the semi-finished
product shall also be detected and compensated by adapting the process
parameters.

Fig. 7 ‘‘Shoe Box’’
validation structure and gom
Atos measurement system
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Concept Validation

To validate the ‘‘Shoe Box’’ concept a first manufacturing trial under represen-
tative boundary conditions has been carried out. To prove the technology readiness
status a typical swept angle, tapering and a skin curvature of an outer wing section
has been chosen for the large scale manufacturing trial.

For the first manufacturing trial highest priority was given to the approval of the
basic hollow core ‘‘Shoe Box’’ strategy which means that thermal behavior of
selected representative tooling modules was analyzed in detail (Fig. 8).

The temperature plot shows that the tooling module temperature is only slightly
lagging behind the autoclave temperature even though the airflow through the
module may still be further improved.

Compression of the prepreg in the skin and the backing structure laminate was
sufficient to ensure the required fiber content and also precision of joining areas is
within the addressed target. To ensure the geometrical accuracy for NLF (Natural
Laminar Flow) wings, each part was 3D measured and analyzed using the gom
Atos system (Figs. 7 and 9).

Fig. 8 Tooling module and autoclave temperature
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Conclusion

The basic strategy to produce large, high precision wing cover components with
integrated stiffeners in a production window of 8 h has been validated with respect
to autoclave cycle time and geometrical component quality. Other aspects like the
addressed multi head ATL lay-up procedure, the online quality assurance and
process control features and the RFID based logistic concept are still under
development and will be validated in one of the following manufacturing trials.

The described manufacturing approach shows that it is possible to further
extend productivity of composite production scenarios even under rather con-
ventional and certified manufacturing boundary condition.

Fig. 9 Geometrical accuracy of joining areas
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Simulation of Residual Stress Related
Part Distortion

Berend Denkena and Steven Dreier

Abstract During the machining of structural components, material inherent
stresses are removed and additional residual stresses are induced into the boundary
layer of the workpiece. Both effects can result in distortions of the workpiece
which leads to shape deviations and time consuming repair processes or even
scrap. The research objective of this paper is the simulation of distortion caused by
residual stress for machined aircraft components to avoid an insufficient quality.
The method, presented in this paper, is able to predict the part distortion caused by
process induced and initial residual stresses. A custom FEM pre-processing is used
which takes the actual machining strategy into account to predict the shape
deviations of the machined workpiece. An experimental verification is given by
comparing measured part distortions caused by a manufacturing process and
predicted by the developed simulation. The Validation is done on a complex
structural part. The simulation results show good agreement between simulated
and measured part distortions.

Keywords Distortion simulation � Structural components � Process induced
residual stresses � Finite element method

Introduction

The aircraft manufacturer Airbus forecasts that the worldwide fleet of civil pas-
senger and cargo aircraft will increase from 17,171 in 2011 to 35,489 in 2031 [1].
The demand for new aircrafts raises the challenge to increase productivity and
quality in all production stage. Modern aircrafts are designed in order to maximize
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energy efficiency. This denotes that low fuel consumption is in focus of the
development of new aircrafts such as the Boeing 787 or the Airbus A320neo [2]. A
decisive factor for the fuel consumption is the weight of the aircraft. In order to
maintain low weight, the supporting structure components are designed in a way
that a maximum rigidity is achieved with minimal residual material thickness. This
results in parts with a typical thickness close to 2 mm. Such components can be up
to 14 m long and additionally show complex geometries. In addition, the chosen
materials are difficult to machine and result in several problems for the machining
process. Especially, part distortions occurring after machining cause time con-
suming repair processes or even scrap. During the machining process of structural
components, up to 90 % of the material is removed from the blank. Thereby,
material inherent residual stresses are removed and additional residual stresses are
induced into the boundary layer of the machined workpiece by the machining
process. Both effects cause distortions of the workpiece and lead to shape devia-
tions which cannot be repaired without damaging the aircraft component (Fig. 1).
To ensure a more efficient production process, these phenomena have to be pre-
dicted and avoided in advance.

State of the Art: Process Induced Residual Stresses
and Distortions

Residual stresses can be attributed to mechanical and thermal loads, which occur
during machining process in an independent manner [3]. Various research projects
have so far dealt with the problems of process induced residual stresses for cutting
processes. Tönshoff analysed the influence of the cutting process on the generation
of residual stresses in the boundary layer of the machined workpiece. He found
out, that the process induced residual stresses depend on the chosen cutting con-
ditions [4]. Norihiko et al. examined the influence of cutting speed on residual
stresses for the machining of Ti6Al4V using diamond tools [5]. Klocke examined
the rough machining of Ti-6242 alloy, Ti-6246 and Udimet720Li, looking at the
vibration strength, the hardness profile and the residual stresses of these titanium

Fig. 1 Causes for part distortions due residual stress (RS)
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and nickel-based alloys. Thereby, it could be shown that occurring residual
stresses are material dependent [6]. Research shows that the process induced
residual stresses strongly depend on the process conditions. Factors of influence
are the chosen tool geometry and the material as well as the cutting and cooling
conditions [7, 8].

To be able to calculate the influence of residual stresses on the part distortion,
the global distribution of stresses in the workpiece has to be taken into account
during the machining process. By measuring the initial stress distribution and
including it in a finite element model the distortion of the machined workpiece can
be modelled [9]. Ratchev and Afazov predicted residual stress for turning of
Ti6Al4V and mapped them into an axisymmetric FE model to predict distortions
of turned parts [10]. Brinksmeier et al. developed a new method to predict the
shape deviation of machined workpieces with complex geometry with a finite
element simulations [11]. Marusich et al. reported on a finite element method
software for the prediction of part distortion. The distortion of the machined
workpiece is calculated by a simplified shell model of the workpiece [12]. Zhongyi
analyzed the effect of residual stresses on machining distortion on an aircraft
structure part. He used an FE model with static element deactivation technique to
simulate the cutting process. Furthermore he used thermal–mechanical coupling
analysis to predict initial residual stresses [13]. Bi et al. predicted the distortion of
aerospace monolithic components. They considered initial residual stress, cutting
loads, fixture layout, cutting sequence, and tool path to build a FE model for the
prediction of part distortions caused by a milling process [14].

In order to avoid part distortion in machining of complex aircraft components,
the accuracy of the machining simulation must be increased. To validate the
influence of different machining strategies on the phenomenon of part distortion,
the simulation has to consider the tool path. Additionally, the influence of initial
residual stresses, e.g. from the previous manufacturing step has to be included into
the simulation [15].

Simulation of Process Induced Part Distortion

Within the process planning phase the manufacturing process is designed to
achieve an optimal workpiece quality. If quality failures occur, they will be
identified first during the quality inspection. In order to avoid quality inaccuracies
in advance, a process simulation for the prediction of process induced distortions
was developed. Based in a simulation of the machining process, induced distor-
tions can be calculated and avoided by the adaption of the machining strategy or
the process conditions. The developed finite element simulation is based on
information from the process planning stage. Based on the workpiece and process
data from the CAD/CAM system the workpiece is prepared for the simulation. The
tool path is used to identify machined areas and to implement the loads from the
process induced residual stresses. Finally, the FE-model can be solved by a
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commercial finite element analysis (FEA) system, delivering detailed information
about the distortion of the workpiece geometry. The subsequent Fig. 2 shows the
information structure of the developed distortion simulation:

The core of the simulation structure is a control layer which transfers the
simulation objects to the several simulation steps.

FE Meshing

In the first step, the workpiece geometry of the final component is transferred to
the meshing process, using standardized CAD formats. The meshing of the
workpiece and the pre-processing is controlled by a script. For the meshing of
complex geometries with variable element size a volumetric tetrahedron element is
chosen. This element ensures an automated generation of accurate meshes for
complex geometries in most cases. Regarding memory consumption the initial
mesh is coarse with a typical element size of 2 mm. In order to implement process
induced loads into the machined surfaces of the workpiece the resolution of the FE
mesh in the boundary layer has to be increased in the following step.

Pre-processing

In order to simulate the effect of machining induced distortions due to residual
stresses, the tool movement and the engagement conditions of the cutting process
have to be determined in the second step. This is done by a process simulation,
which uses the tool path and the process parameters provided by a Cutter-Loca-
tion-Source-File (CLSF) from the CAM software. The process simulation deter-
mines the machined boundary elements of the workpiece mesh for the refinement
of the boundary layer. The developed algorithm for the refinement of the FE mesh
on the surface layer is based on a sweep volume of the tool path (Fig. 3).

Fig. 2 Information structure of the developed distortion simulation
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The refinement of the surface mesh works by the orthogonal displacement of node
positions and the squeezing and generation of elements, as it can be seen in Fig. 3.
The displacement is inverse to the surface normal N.

After the mesh refinement in the boundary layer, process induced residual
stresses are obtained from an empirical data base and included into the FE model.
Therefore, the directions of the tool axis and feed are determined for the trans-
formation of residual stresses to the coordinate system of the boundary mesh of the
machined workpiece. Figure 4 shows a typical residual stress distribution in the
boundary layer caused by end milling operations of aluminum.

The representation of residual stress profiles in the finite element model is done
by the discretization of the boundary layer into several layers with constant
residual stress. To investigate the optimal discretization of boundary layers, an
analogy was used by taking a simplified beam model with different numbers of
discretization layers into account. It was determined that a representation of
residual stress profiles with only one layer is not sufficient. The distortion results
differ from the results with 10 regular layers by 14.4 %. Further analysis showed,
that representing the curve with two layers of irregular depth divided at the curve
minima, as it is shown in Fig. 4 right, reduces the error to 0.01 % compared to 10
regular layers. This representation minimizes the number of elements for the

Fig. 3 Algorithm for FE-mesh refinement

Fig. 4 Residual stress distribution represented by boundary layers
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refined mesh. The implementation of stress profiles is done by the control script,
which links the local residual stress tensors to the refined mesh elements. These
tensors consist of the initial and process induced residual stresses. The resulting
process induced residual stress profile is determined by X-ray diffractometry. The
stress value for the two boundary layers is calculated by integrating the affected
part of the curve (Fig. 4). The stress tensors are transformed into the workpiece
coordinate system according to the feed direction and the tool axis which were
computed in the process simulation.

Solving

In this step of the simulation, the completed FE model is transferred to the FE
solver. The simulation structure enables the communication to arbitrary FEA
software. For common FEA software initial residual stresses can be defined via
stress tensors for several elements. By providing the stresses for all elements and
solving the resulting finite element model by a linear static analysis, it is possible
to calculate the distortion of the workpiece resulting from the implemented loads.
By the superposition of initial residual stresses from previous processing steps and
process induced stresses from the current machining process, combined distortion
effects can be determined. The simulation results can be examined by common
post processors by rendering the simulation data for the deflection of the machined
workpiece.

Validation of the Simulation of Process Induced Part
Distortion

In order to verify the developed simulation approach against real part distortions,
an exemplary analogy part was designed based on an aircraft structural component
of the Airbus A240 XWB (Fig. 5). The selected workpiece material was aluminum
alloy AN EW 7075 in low-stress condition T651. The analogy part was manu-
factured from rolled plates with dimensions 70 9 330 9 480 mm. The initial
residual stress state of the plate material was determined by a reference sample
with the X-ray diffraction method of a reference sample. During manufacturing the
part is clamped so no machining related distortion could occur. After the milling
process the part was unclamped and relaxed to its distorted state.

For the production of the analogy part two tools were used. One is a double-
edged end mill with a diameter of D = 20 mm without corner radius (tool 1). This
tool was used for the planar bottom side of the part. From preliminary experiments,
it is known that this tool induces is high residual stress into the machined surface.
The top side of the component with the pocket structures was milled with a four-

110 B. Denkena and S. Dreier



edged D = 20 mm end mill with corner radius of re = 4 mm (tool 2). This tool
induces low residual stress. For both tools the residual stress depth profiles were
determined from reference samples with the X-ray diffraction method. The
residual stress profile for tool 1 was discretised with two layers (d1 = 51 lm;
r1k = -174 N/mm2; r1\ = -150 N/mm2/d2 = 250 lm; r2k = -93 N/mm2;
r2\ = -57 N/mm2). Due to the low residual stress tool 2 was discretised with one
layer (d1 = 100 lm; r1k = -21 N/mm2; r1\ = -20 N/mm2).

Based on the workpiece geometry, the tool path and the cutting conditions the
distortion of the workpiece was determined by the developed simulation approach.
The generated volumetric finite element model consisted of 174.871 nodes and
750.512 elements. An elastic material model with a Young’s Modulus of 72 GPa
and a Poisson’s Ratio of 0.34 was used. To simulate a free distortion no boundary
conditions were applied.

The machined and the simulated workpiece was measured on a line in Y
direction (Fig. 5, profile). The resulting profile can be found in Fig. 6. In the
referenced CAD model this profile is a straight edge.

The process induced residual stress led to a significant part distortion of the
machined part with a maximum of 0.510 mm on the measured profile. The
comparison of machined and simulated distortions can be seen in Fig. 6. On the
path of the measured profile the predicted distortion matches the measured
distortion very accurate. The maximum distortion, computed by the FEM simu-
lation, is 0.469 mm leaving an error of 0.051 mm (9.81 %). Despite small

Fig. 5 Workpiece based on structural component

Fig. 6 Comparison of machined and simulated distortion results
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deviation the developed simulation approach can be considered as proven for the
given test case.

Summary and Outlook

The influence of initial and process induced residual stress distribution cause
significant part distortions after the machining of large structural components. The
simulation approach, presented in this paper, was developed to predict process
induced part distortions according to the part geometry, the cutting conditions and
the machining strategy. This provides possibilities to avoid or minimize part
distortions in advance by the adaption of machining strategies or process
conditions.

The presented simulation uses the finite element method with a volumetric
tetrahedral mesh to calculate the resulting distortion of the workpiece. To represent
the thin residual stress layers a remeshing algorithm was developed to refine the
mesh structure underneath the machined surfaces. By this detailed simulation
approach it is possible to analyse the impact of local machining strategies on the
global distortion of large components. As demonstrated in Chap. 4, the developed
simulation structure achieves sufficiently precise predictions for aluminum com-
ponents using process induced residual stress measured by the X-ray diffraction
method.

Further research objectives will be the development of a scalable simulation
structure for the distortion simulation of large aircraft integral components with
lengths higher than 1 m. By analyzing the impact of different strategies and pro-
cess parameters on the overall part distortion a general guideline for an optimal
process layout in terms of minimized distortions will be developed. Furthermore,
the application of the developed simulation approach into industrial process
planning will reduce cost-intensive repair processes.
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Increasing Accuracy of Industrial Robots
in Machining of Carbon Fiber Reinforced
Plastics

Martin Freising, Simon Kothe, Markus Rott, Hendrik Susemihl
and Wolfgang Hintze

Abstract Compared to conventional milling machines industrial robots (IR) using
serial kinematics bear great potential concerning cost-efficient and productive
machining. However, the main disadvantage is their poor accuracy, caused by low
structural stiffness and gear backlash. A novel robust approach for accuracy
optimization of IR in edge milling is presented. This is highly relevant for
manufacturing structural components made of carbon fiber reinforced plastics
(CFRP). As a result of the long lever between the tool center point and the first
rotational axis, backlash of the first gear mainly contributes to the overall
machining accuracy of the IR. In order to eliminate this, the first axis is preloaded
by a torque, caused by the gravitational force of the attached robot structure.
Therefore, the IR is mounted on an inclined base. The performance of this setup is
experimentally evaluated. Improvements of up to 50 % in terms of static stiffness,
deviation of circular movement and contour accuracy in edge milling have been
achieved.

Introduction

The increasing use of carbon fiber reinforced plastics (CFRP) in modern aircrafts
[1] requires productive and cost-efficient manufacturing technologies for large
shell structures. In order to fulfill the high precision demands, such parts need to
be machined subsequent to the autoclave process itself. Today this is accom-
plished mainly by heavy large-volume machining centers. However, these are
expensive and suffer from low productivity. Therefore, industrial robots (IR) can
be a promising alternative. Although IR are well-established in aerospace industry
for handling automated drilling and riveting units [2], their application for milling
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processes is still a challenge [3], due to the required path accuracy with simul-
taneously occurring process forces [4].

As a precondition for a flexible use of IR in an automated CAD/CAM process
chain, their absolute position accuracy must be significantly improved. Suitable
methods reaching the necessary level of calibration have been developed [5].
Several authors studied the elastic deformation of IR related to the cutting force in
milling. Online control systems and offline models for compensating such
deflections have been developed recently [4, 6–8]. Control concepts on the output
side of the gears as well as modifications of the robot structure are possible
solutions to eliminate loss in accuracy due to backlash [9]. Additional force control
systems supporting these techniques are available on the market [10]. These
approaches are intricate and therefore contradict the concept of a low cost
machining solution using IR.

Concept of Inclined Mounted Robot

The gear of the first rotational axis of serial IR kinematics mainly contributes to
the overall robot inaccuracy in terms of elasticity and backlash [4, 9]. Due to the
angular measurement at the drive side, this inaccuracy cannot be compensated
sufficiently. If the torque transmitted by a gear changes its algebraic sign the
backlash is most distinctive. Even with the use of modern high-precision gears this
backlash cannot be avoided completely. A schematic head curve of a gear [11]
revealing the relation between torque and torsion angle, is given in Fig. 1. In the
zone of high torques the curve is favorable with regard to backlash and stiffness.

Fig. 1 Schematic gear head curve with operating zones for horizontal and inclined mounting
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In order to use one of the favorable zones an artificial torque Madd has to be
added to the torque resulting from the acting process loads MProcess. The additional
torque always has to exceed the process torque. Because of the requirements of
robot based machining concerning precision, the range of loads applied is usually
not used to its full capacity, hence the application of the robot is not limited by this
concept. The second and third rotational axis of serial robot kinematics are subject
to the gravitational force of the attached IR structure, which causes additional
torques acting on the respective gears [12]. Since the first axis of horizontally
mounted IR is parallel to the direction of the gravitational force no additional
torque is applied to the first gear. To achieve this, the robot is set up on an inclined
base.

Experimental Setup

The accuracy tests were conducted using an ABB IRB6660 robot. For all exper-
iments a horizontal and an inclined (15� about y-axis) setup were compared. The
exemplary analyzed working point in this publication is shown in Fig. 2. Addi-
tionally analyzed working points showed similar results. The working plane for all
experiments was the x–y-plane.

To examine the performance of both configurations for milling, circles with
different radiuses in both rotational directions were machined (Table 1). For this
purpose, sheets of CFRP fabric with a thickness of 5 mm and polycrystalline
diamond (PCD) end mill cutters with a diameter of 8 mm and two teeth at full
engagement were used. The circularity deviation was measured using a Mitutoyo
BHN 305 coordinate measuring machine.

To distinguish the occurring effects static stiffness and dynamic circularity tests
were conducted. For analyzing the stiffness the displacement of the tool center
point (TCP) in x- and y-direction was measured with a Mitutoyo 2046F tactile
gauge. Forces, rising and falling in steps of 10 N, between 300 and -300 N were
applied to the TCP in the respective direction, by means of a manually adjusted
mechanism using a PCE-FG500 force measuring device. With the circularity test
the circular path accuracy of TCP movements without external forces was deter-
mined. A Renishaw QC-20 W Ballbar caliper was used to acquire the actual radius

Fig. 2 Analyzed working
point
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continuously. Again different radiuses in both rotational directions with two feed
rates were analyzed. The exact process parameters for all experiments are shown
in Table 1.

Results and Discussion

The results of the stiffness tests are shown for acting forces in y-direction com-
paring a horizontal and an inclined robot mounting (Fig. 3a). As expected, the
horizontal assembly exhibits a distinctive backlash in the range of low forces, i.e.
between 30 and -30 N, which disappears at the inclined setting. Furthermore the
gradient of the curve is slightly reduced for the inclined mounting. In order to
compare the stiffness, the curves were evaluated at minimum and maximum load,
showing a stiffness of the inclined setting which is improved by 22 % in negative
y-direction and even 28 % in positive y-direction respectively. The described
effects derive from shifting the operating point of the first gear to more favorable
zones of the gear head curve using the inclination of the robot, as explained above.

The measured displacements in x-direction are smaller than in y-direction for
both mountings (Fig. 3b), due to the fact that at this position a lower torque MZ is

Fig. 3 Displacement curves with force, displacement and stiffness S in a y- and, b x-direction

Table 1 Experimental process parameters (with applied forces at stiffness test and average
measured process forces at milling test)

External force Circular movement

x (N) y (N) Radius r (mm) Feeding speed vf

(mm/min)
Spindle speed
(1/min)

Stiffness test -300 to 300 – – –
Circularity test – – 50; 100; 250 1000; 4000 –
Milling test 150 150 6; 12.5; 25; 50; 100 1000 20000
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applied on the first axis. The comparison between horizontal and inclined setting
shows no significant change.

When analyzing the radius development in the circularity test it can be
observed, that the circularity for the horizontal mounting shows distinctive out-
ward radius steps in y-direction, as well as a subsequent overshooting (Fig. 4).
This effect occurs exactly at the point where the first axis changes the direction of
its movement. Due to the backlash in this particular gear this leads to a delay in the
reversal of direction, while axes 2 and 3 continue their movement at maximum
speed, which in total causes the observed radial steps. The reduction (elimination)
of these radius steps can be ascribed to the shifting of the gear working point of
axis 1 and thereby the reduced backlash in this gear. The reduction of overshooting
seems to show a similar behavior, especially at high feed rates.

The machined circles show a noticeable reduction in their circular shape
deviation (difference between maximum and minimum radius) for all diameters
and both circular feed directions (clockwise CW and counterclockwise CCW),
when comparing the horizontal and the inclined mounting (see Fig. 5a). The
measured process forces oscillate between approximately 150 and -150 N in x-
and y-direction, depending on the current feed direction, which leads to constant
forces in feed normal direction (65 N for horizontal and 68 N for inclined
mounting). For the investigated parameter combinations, improvements in circular
shape deviation of upto 0.25 mm could be reached. The average improvement was
about 35 % with a maximum of over 50 %.

For all measurements a well-defined oval shape in 45� or 135� direction can be
observed (example in Fig. 5b). This derives from the fact that the direction of the
feed normal force changes continuously, related to x- and y-coordinates along the
circular track. In combination with the above described different IR stiffness
characteristics in x- and y-direction this results in the oval shapes. Based on the
increase of stiffness with inclined IR mounting, this effect is reduced respectively.

Fig. 4 Circularity with radius steps and overshooting (radius r = 50 mm, feed rate
vf = 4000 mm/min, counterclockwise rotation)
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Conclusions

The effectiveness of a new approach for significantly improving the workpiece
quality in milling processes by using an inclined mounting of the IR is proven by
the conducted experiments. The following improvements could be achieved:

• displacement reduction of up to 0.15 mm (20 %) at static forces of 300 N in
y-direction

• reduction of circular shape deviation (radius steps in y-direction and over-
shooting) by up to 0.21 mm in dynamic circularity test

• reduction of circular shape deviation of up to 0.25 mm (50 %) in CFRP milling.

It was demonstrated that these improvements can be ascribed to a backlash
reduction in the gear of axis one. Current research is aiming for better methods to
calibrate the inclined mounted IR, as well as detailed measurements of the
behavior of each component in different load situations. Furthermore the effects of
different inclination angles, different robots, other workspace areas and the pos-
sible durability are under investigation.
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Production of Customized Hybrid
Fiber-Reinforced Thermoplastic
Composite Components Using
Laser-Assisted Tape Placement

C. Brecher, M. Emonts, J. Stimpfl and A. Kermer-Meyer

Abstract The aim of Fraunhofer IPT is to fully exploit the potential of
fiber-reinforced thermoplastic composites based on prepreg technology and to
achieve at the same time a broad industrial application. Investigations at Fraun-
hofer IPT have proven that the use of laser-assisted tape placement enables high
lay-up rates of thermoplastic prepregs (tapes) with in situ consolidation regarding
the local stiffening of plastics and composites. After the optimization of this
process for the manufacture of carbon fiber-reinforced components Fraunhofer IPT
developed and successfully demonstrated strategies to manufacture advanced
composite components via laser-assisted tape placement that combine different
polymers and fiber-reinforcements. By the possibility to apply fully automated the
most beneficial material in the place, orientation and quantity that’s needed, a
cross-industrial applicability of this process is ensured.

Introduction

Nowadays, most advanced aircraft structures are made of carbon fiber-reinforced
plastics (cfrp) based on prepreg (pre-impregnated fiber) materials and are con-
solidated as well as cured using autoclaves. Industrial state of the art is the
automated processing of unidirectional reinforced prepregs via tape laying of
single broad tapes (e.g. prepreg width of 300 mm) for the manufacture of 2D or
contoured structures, like wings as well as vertical and horizontal tail planes. For
applications where more complex lay-up paths are required, multiple narrow tapes
(e.g. 12 or 6 mm in width) are used. Based on the better drapeability and the
possibility of individual tape steering this method is suitable for the manufacture
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of sophisticated curved structures. Such multi-tape (tow, fiber) placement systems
are amongst others used to produce entire fuselages or fuselage segments for
commercial and military aircrafts [1–5].

Disadvantages of the current tape laying and fiber placement approaches are the
high production costs based on the time and energy intensive curing process after
the lamination.

The disadvantages of the state of the art prepreg lamination approach are solved
by the automated laser-assisted processing of thermoplastic instead of thermo-
setting prepregs (tapes). Because of the possibility of an in situ consolidation
during the part production without post consolidation and curing steps, all the
resources needed for e.g. autoclaving are saved. The shape complexity is addi-
tionally enhanced by exploiting flexibility in terms of fusibility (e.g. placement of
local-reinforcements, joining with other components), re-shape ability (e.g. ther-
moforming) as well as further processability (e.g. over-molding). In addition
thermoplastic composites enable higher temperature loads (e.g. PEEK, PEKK,
PES), excellent chemical properties (e.g. PPS) and in a significant increased
damping behavior [6, 7]. The huge variety of thermoplastic matrix systems (in
addition e.g. PA, PP, HDPE, PEI) and fiber-reinforcements (e.g. carbon fibers [cf],
glass fibers [gf]) enable also other industrial branches (e.g. automotive, oil and gas,
wind energy, chemical, civil and mechanical engineering) to realize an optimal
solution in respect to the required performance to cost ratio and therefore a cost-
effective utilization of thermoplastic composites.

Over the last decade laser systems have been proven to be the most energy-
efficient, precise and cost-effective heating method for tape placement in a lot of
benchmarks [8–11].

Laser-Assisted Tape Placement

During laser-assisted tape placement the thermoplastic prepregs (tapes) are
unreeled from a tape spool and fed by a feed unit into the nip point, see Fig. 1. The
surface of the fed tape as well as the one of the already laid down material get
heated up over melting temperature shortly before contact with each other using
laser radiation. Applying a compaction force using an optionally heated or cooled
consolidation roller, the melt up tape gets completely consolidated in situ with the
part to be produced without the need for subsequent curing steps. The main dif-
ference between laser-assisted tape placement and winding is the use of a rotating
mandrel in the case of tape winding, see Fig. 1.

Challenges in the development of a laser-assisted tape placement unit are the
development of suited laser optics, temperature control systems and consolidation
systems in conjunction with the individual application e.g. the to be processed
materials, part geometries, required throughput and flexibility. On the process side
the main parameters are the applied temperature, process speed and pressure.
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Evaluations with 3-point-bending tests according to DIN 14125 showed that
laminates produced via laser-assisted tape placement have equal mechanical
properties as compression molded panels. In experiments with prepregs using a PA
12 matrix system reinforced by AS4 carbon fibers with a fiber volume content of
55 %, it could be proven that 96 % of the bending strength and 104 % of the
bending stiffness of the compression molded benchmark laminate can be achieved
[12].

Tailored Multi-Material Blanks Made by Laser-Assisted
Tape Placement

The exploitation and evaluation of the synergies of laser-assisted tape placement
and thermoforming is one goal of the European large scale project » Fibre-
Chain « [12, 13]. As highlighted in Fig. 3, composite sheets and parts can be
reinforced by laser-assisted tape placement efficiently before and after a forming
process to achieve tailored hybrid and multi-material components [14].

It has been demonstrated that in laser-assisted tape placement, composite
laminates combined with different types of fibers (e.g. carbon fiber, glass fiber),
reinforcements (e.g. fabric, unidirectional [UD]), matrix systems (e.g. PA 6, PA
66, PA 12) and materials with strong varying colors or optical absorption prop-
erties can be processed using a diode laser system.

The quality of the welding zone between the base composite laminates and the
placed reinforcement tape have been evaluated by a mandrel peel test as shown in
Fig. 3. The reinforcements have been produced with a lay-up rate of 300 mm per
second.

Fig. 1 Principle of laser-assisted tape laying and winding
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Fig. 2 Tailored parts and tailored blanks via laser-assisted tape placement using a diode laser
system

Fig. 3 Overview of evaluation trials

126 C. Brecher et al.



Figure 4 summarizes the achieved results of the reinforcement trials using a
diode laser-assisted tape placement unit.

The mark ‘‘++’’ indicates a very good weld strength, that exceeded the intra-ply
properties of the tape at the tested load case. The mark ‘‘+’’ indicates good
adhesion between tape and blank. The inter-ply properties are similar to the intra-
ply properties of the used tape at the tested load case. The mark ‘‘-’’ indicates a low
joint strength. Furthermore, the critical energy needed to peel the tape is listed.

As expected, the combination of two identical materials did result in the highest
weld strength due to similarity of the chemical, thermal and optical properties of
the joining partners. When joining different matrix materials it is important to
ensure that the chosen process temperature fits to both joining partners. The more
thermal stable material needs to be fused without degrading the joining partner that
is less thermal stable.

Using an optical heating method the absorption properties of the used material
in respect to the used wavelength of the used laser system is important. Different
fiber-reinforcements can result in different optical absorption properties. The
process can be adapted to joining two materials with different optical properties by
adjusting the laser power distribution via the setting of the laser angle.

The reason that the glass fiber-reinforced PA66 ðPA6=GF) blank could not be
reinforced in the given test plan is because of its low absorption degree in the near
infrared spectrum, in conjunction with high welding temperature, high lay-up rate
and limited available laser power. Welding a carbon fiber-reinforced PA66 tape
ðPA66=CF) onto a ðPA66=CF) blank at the same process conditions is done with
ease, since both joining partners absorb 85–90 % of the used laser radiation close
to surface.

A good joint would be achieved by reducing the lay-up rate or by using more
laser power. In addition the utilization of carbon black particles within laminate
polymer for increased absorption is an option, depending on the application.

Fig. 4 Summarized results of reinforcement trials using a diode laser system
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Within the German project » GreenGlassFiber « also the application of a
CO2-laser system for tape winding is investigated, as due to its longer wavelength,
the absorption of the laser radiation by the glass fiber-reinforced plastics (GFRP) is
high even without carbon black particles/fibers in the material. Figure 5 shows
glass fiber reinforced parts with a PP matrix system made by CO2-laser-assisted
tape winding Fig. 6 shows a hybrid part consisting of a gfrp liner surrounded by a
cfrp cover with a PPS matrix produced via CO2-laser-assisted tape winding.

Conclusion

Laser-assisted tape placement with in situ consolidation is a highly productive,
automated and flexible method for the lamination of continuous, unidirectional
fiber-reinforced thermoplastic prepregs. Since tape placement is a primary shaping
process, the production of structural parts, pipes, tanks, tailored blanks and local
reinforcement of fabric blanks, composite and plastic parts is feasible. It has been
shown that for processing carbon black materials diode laser systems are most

Fig. 5 Parts manufactured by CO2-laser-assisted tape winding (left) as well as cross sectional
preparations of raw PP-GF tape (middle) and the PP-GF pipe

Fig. 6 Hybrid CFRP/GFRP pipe sample produced using CO2-laser-assisted tape winding
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efficient and that for milky white materials a CO2-laser system is beneficial.
Hybrid components could be produced with both laser sources with outstanding
quality. Additionally it could be demonstrated that multi-material laminates
comprising different polymer and fiber-reinforcements in one laminate can be
produced efficiently via laser-assisted tape placement with in situ consolidation.
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Efficient Production of CFRP Lightweight
Structures on the Basis of Manufacturing
Considerations at an Early Design Stage

B. Denkena, P. Horst, C. Schmidt, M. Behr and J. Krieglsteiner

Introduction

Success in development of lightweight structures is determined by the three dis-
ciplines of design, materials, and manufacturing. Focusing on design leads to
expensive lightweight structures while overrating production makes it hard to
reach structural performance goals. The global optimum of structural performance
and cost can only be reached if all three disciplines are equally taken into account.
It can be observed that this optimum gets increasingly important for major stra-
tegic decisions in lightweight construction industry, e.g. the material concept in
future aircraft structures: carbon fiber-reinforced plastics (CFRP) versus aluminum
[2, 6].

While development of metallic structures is industrially performed and broadly
researched, fiber-reinforced plastics do present new challenges. Design work with
homogeneous and isotropic metallic structures is mainly done on a level of part
shape and sizing. For composites, the inner heterogeneous and orthotropic struc-
ture has to be engineered as well. Therefore, structure development usually has to
deal with a higher number of design parameters, raising the need for simulation
tools and optimization algorithms. In addition to more sophisticated design pro-
cedures, production planning for composite structures gets more challenging as
well. For metallic structures, manufacturing usually starts with semi-finished parts
having material properties mostly set as in the final product. The material
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properties of composites are mainly determined by the manufacturing processes.
Properties such as fiber volume fraction or fiber orientation and imperfections like
fiber undulations or inclusions are highly dependent on manufacturing. Therefore
process stability has a large impact on structural characteristics. Design mostly
accounts for the resulting uncertainties with high knock-down factors for assumed
material properties, i.e. decreased lightweight potential [5, 8].

Motivation

Whereas development objectives are commonly measured as a combination of
structural performance and cost (e.g. weight savings/production cost), the applied
methodologies do not fully serve this goal. State of the art practice is mostly
sequential planning, starting with design and then considering processes. Depen-
dencies between both, arising from lay-up, geometry, subdivision of structures,
tolerances, and process limits, are not particularly addressed. Interaction is limited
to iterations in late design phases when conflicts in production planning get
obvious. Since design changes in late phases are disproportionally more expensive
than in early phases, the current practice can be considered as inefficient [6].

It is obvious to see that the above mentioned arguments claim a careful
attention of design, materials and manufacturing in equal importance right from
the start of development. Concerning this, different approaches for multidisci-
plinary development are available and state of the art. The V-Model for instance
defines the cooperation of different disciplines, but focusses only on the product
development phase [10]. Simultaneous Engineering suggests increased interaction
and parallelization of formerly sequential processes; however, it does not specify
detailed procedures [3]. There are more detailed procedures available, but they still
do not satisfy the needs of developing composite structures [4, 7].

HP CFK Approach

The new procedure is based on the classical approach described in VDI 2221 [10]
(see Fig. 1 and in detail Fig. 2). In a first step, the requirements are defined for the
design and the production scenario. After that, the development of a conceptual
design follows conventionally.

For the following demonstration, it is assumed that an omega-type section (see
Fig. 3) turns out to be most promising in the conceptual design considerations. The
phase of embodiment design is split up. First of all, a simplified model is created
(see Fig. 3b). This model is dimensioned according to the requirements defined
without considering manufacturing aspects. Best available material quality, as it
can be found in prepreg tapes without any further imperfections, is used in this
stage. The resulting preliminary, so far very rough, design can optionally be split
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Fig. 3 HP CFK panel and stiffener modeling a panel, b preliminary design model, c possible
manufacturing-specific design model

Fig. 2 HP CFK approach in detail

Fig. 1 Development processes: Conventional and HP CFK approach
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into sets of easier-to-manufacture substructures. The basic criteria for this are
defined in a system of substructuring rules using features of the preliminary design
such as furcations, hollow sections, laminate properties, or the occurrence of
potential common parts. Some are symbolized in Fig. 2 and their application to the
sample structure is shown in Fig. 4.

To manufacture each set, in the rough planning phase, different sub-process
chains are found and assigned. Each solution contains the four elementary pro-
cedural steps to manufacture a fiber-reinforced plastic component in common
order of impregnation, forming, consolidation, and curing. In case of sets of
multiple substructures, an additional joining process follows. Based on this
information, the entire number of sub-process chains and possible joining tech-
nologies are combined in a full-factorial pattern.

Processes models were built in advance and production costs of the structures
are rated. The weight impact coming with the respective changes in material
properties compared to the optimistic preliminary design and the additional mass
of joints are estimated. Based on this information the most promising solutions are
extracted as visualized in Fig. 5a.

In the next step of embodiment design, models are built based on the process
chains found in the last step. The modeling is done in more detail than in the
preliminary step (see Fig. 3c). Each model is optimized with respect to the defined
requirements and the manufacturing restrictions coming with the respective pro-
cesses. Finally, the created solutions can be compared by structural performance
and cost and the best one is worked out in detail phases. These specific phases are
part of ongoing research and will be presented in further contributions. In this
regard, a first approach for structural optimization considering interactions of part
geometry and draping effects is presented in [1].

Fig. 4 Substructuring of the preliminary design model
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Conclusion

The presented novel procedure implements a structured way to integrate manu-
facturing considerations at an early design stage in product development. It gen-
erates design solutions, each optimized for a potential process chain, guaranteeing
stability and efficiency in manufacturing. The overall solutions of design and
production are rated by an evaluation scheme giving the best compromise between
cost and structural performance according to given preferences. The material
aspect is dealt with in process selection where material types, e.g. fabric, non-
crimped-fibers, etc., to be used in specific design are determined.

Bringing design and process chain into agreement, costly, late iterations
between production planning and design, well-known from classical development
procedures, can be reduced.
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Influence of the Fiber Cutting Angle
on Work Piece Temperature in Drilling
of Unidirectional CFRP

Wolfgang Hintze, Christoph Schütte and Stefan Steinbach

Abstract The increasing use of carbon fiber reinforced plastics (CFRP) for
structural components in modern aircrafts also increases the need for their reliable
assembly. This is usually accomplished by rivets, which require a large number of
precision holes. Drilling is difficult due to contrasting fiber and resin properties and
for non-crimp fabrics in particular due to their unidirectional plies. Thermal
damage of CFRP components in the vicinity of bore holes should be avoided.
Therefore, temperature distributions at the cutting surface of the workpiece as well
as in the vicinity of the bore hole have been investigated experimentally while
drilling of unidirectional CFRP and confirmed by numerical methods. Temperature
changes with fiber cutting angle and heat mainly dissipates in fiber direction.

Keywords CFRP � Drilling � Cutting temperature � Fiber cutting angle � Cutting
torque

Introduction

Because of the high specific strength and stiffness, carbon fiber reinforced plastics
(CFRP) are important for structural components in aeronautic industry. Assembly
of these components is often done by riveting, which requires a large number of
holes with high quality in terms of precision and surface integrity. Due to the
contrasting thermo-mechanical properties of fibers and resin as well as the
orthotropic laminates of CFRP, forces, temperature and tool wear must be con-
trolled in order to avoid decomposition of matrix material or disruption of the
surface. These flaws can be very critical in case of non-crimp fabric (NCF)
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consisting of unidirectional (UD-) laminate layers. Depending on the fiber cutting
angle h between fiber and cutting velocity directions and on the type of drill
different modes of damage were found by experiments [1]. Dynamically changing
forces and torques have been investigated for UD-laminates during drill rotation
[2–4]. The according temperatures are not known up to now.

Highly dynamic measurement of cutting tool temperatures has been done by
Ueda et al. [5] using a two-color pyrometer. König et al. [6] used infrared ther-
mography to detect temperatures during CFRP drilling processes. Tool tempera-
ture investigations in drilling of fiber reinforced plastics containing woven layers
by using thermocouples with an inverted drilling kinematic, i.e. a fixed tool and a
rotating specimen were carried out by Weinert et al. [7].

Methods

The temperature distribution at the cutting surface of the component was measured
while drilling with a sampling rate of fs = 100 kHz by using a two-color fiber
pyrometer Type FIRE-3. The temperatures were detected as the pyrometer optical
fiber was put through the coolant channel of the drill. In addition the cutting torque
was recorded by a rotating Kistler Type 9123C multi-component dynamometer
with a cutoff frequency of fs = 1 kHz, which provides a zero reference mark for
synchronization to the cutting temperature. Disc-like UD-CFRP work pieces with
an outer diameter of ds = 16 mm were rotating while the drill was kept at rest on
the machining table. The setup is shown in Fig. 1.
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Fig. 1 Experimental setup for measuring cutting surface temperatures
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The temperature distribution all around the bore hole was measured using a
rotating drill and fixed work pieces with a mantle thermocouple (Type K, diameter
d = 0.75 mm) in blind holes (depth t = 2 mm) at different fiber orientations and
distances a to the hole surface. The experimental setup is shown in Fig. 2.

Two different TiAlN-coated carbide drills with a tool diameter of d = 8.5 mm,
side rake angles of cf = 0 or 25� and a point angle of r = 140� were tested.
Cutting edge radii were measured by a confocal microscope Alicona Infinite
Focus.

Unidirectional CFRP consisting of CYCOM 977-2 epoxy resin [8] and
Tenax IMS60 fibers [9] with a fiber volume ratio of 60 % and a thickness of
h = 4 mm was used. Three spindle speeds of n = 2,000, 6,000 and 10,000 rpm
and feeds of f = 0.03 and 0.05 mm were investigated. The lowest spindle speed
leads to an angular resolution of the torque Dh = 12�. The cutting temperature
signal was smoothed with the software National Instruments DIAdem 2011 by
calculating the central moving average along time intervals Dt = 0.5 ms.

Work piece temperature distributions all around the bore hole have been
numerically calculated using the FEM software ABAQUS. The heat generated at the
major cutting edge is assumed to distribute in the plane of a single UD laminate
ply. Heat exchange between adjacent layers was neglected. A single ply laminate
plate of 30 9 30 mm2 was modeled by its orthotropic properties taken from
[8–11] and automatically meshed by 4-node linear heat transfer tetrahedron ele-
ments (Type DC3D4) with 36 elements at the hole periphery. The measured
cutting surface temperatures during a drill rotation have been represented by an
empirical equation and used as boundary condition. Heat dissipation was assumed
by surface radiation to the ambient at the peripheral front faces of the plate.

Results of Temperature Measurements and Discussion

First of all, temperature at the cutting surface 0cs and torque Mc has been recorded.
It is known that the torque varies along the fiber cutting angle h [2, 3]. Hence, this is
also expected for the cutting temperature. The results confirm a big influence of h,
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Fig. 2 Experimental setup for measuring work piece temperature distribution
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Fig. 3. The lowest temperature 0cs_min is found at a cutting angle of about h = 45�,
the highest 0cs_max at an angle of about h = 135�. Temperature and cutting torque
distributions are in phase as illustrated in Fig. 4a.

Different cutting parameters have been tested to investigate the influence of tool
geometry, spindle speed and feed on the cutting surface temperature 0cs and torque
Mc. As shown in Table 1, spindle speed n and feed f have only little influence on
cutting surface temperatures 0cs_min and 0cs_max.

However, the cutting surface temperature 0cs is strongly affected by tool
geometry and wear. A worn tool with a cutting edge radius of rb = 35 lm and a
rake angle of cf = 0� produces much higher temperatures than a sharp one with
rb = 12 lm and cf = 25�. The radial distance of the coolant channels to the center
of the drills was nearly similar, so the influence of different cutting speeds vc at the
analyzed cutting surface can be neglected.
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Temperature measurements in the vicinity of the bore hole indicate, that the
maximum work piece temperature 0wp_max occurs at about h = 90�, the minimum
0wp_min at about h = 0/180�, Fig. 4b. With respect to the heat generation at the
cutting surface (Fig. 4a), the heat flow is twisted towards the direction of fibers at
distances a C 2 mm. Because of the thermal conductivities of fibers and resin UD-
CFRP exhibits the maximum thermal conductivity in fiber direction and the lowest
perpendicular to them [10, 11]. Due to that, the temperature decrease along the
distance a at h = 0/180�, i.e. perpendicular to the fibers is steeper.

Results of Temperature Calculations by FEM
and Discussion

The temperature distribution in the vicinity of the bore hole caused by a heat flow
from the cutting edge was calculated assuming that the measured cutting surface
temperatures are also present at the corner of the drill and therefore, directly at the
bore hole surface: 0cs = 0wp (a = 0). This assumption is reasonable because of
the inferior influence of the spindle speed n on 0cs, which accordingly applies for
the radial distance of the corner to the center of the drill, see Table 1.

The measured distribution of cutting surface temperatures (see Fig. 3) was
approximated as the absolute value of a sine-function with its minimum at h = 45�
and its maximum at h = 135�. These temperatures were set as boundary condition
of the hole surface temperatures. The simulation time tsim was defined in such a
way, that the mean values of measured and simulated temperatures 0wp (a, h)
coincide. The calculated time was tsim = 5.93 s indicating, that the hole surface
was exposed to the temperature not only during cutting but for a longer time due to
subsequent friction at the drill periphery. According to a former investigation [3]
such friction easily generates a dynamic torque of similar phase and amplitude as
the major cutting edges heating up the bore hole surface.

The result is shown in Fig. 5. With increasing distance to the bore hole the
isothermals of the temperature field twist towards the fiber orientation which
corresponds to h = 90�. Thus, the FEM analysis confirms the experimental results.

Table 1 Influence of tool, spindle speed and feed on cutting surface temperature and torque
(d = 8.5 mm, r = 140�)

Tool Spindle speed n Feed f 0cs_max 0cs_min Mc_max Mc_min

rpm mm �C �C Nm Nm

cf = 0�, rb = 35 lm 6,000 0.03 370 200 0.6 0.15
cf = 0�, rb = 35 lm 6,000 0.05 350 170 0.86 0.29
cf = 25�, rb = 12 lm 6,000 0.05 270 100 0.43 0.13
cf = 0�, rb = 35 lm 10,000 0.03 350 180 0.6 0.15
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Summary and Outlook

In drilling of UD-CFRP, work piece temperature at the bore hole surface peri-
odically changes with fiber cutting angle. Temperatures mainly depend on tool
geometry and wear, reaching values up to 370 �C at the major cutting edge.
Generated heat mostly dissipates in direction of fiber orientation in the laminate
ply.

The results are useful for industrial drilling of non-crimp CFRP fabrics, because
potential thermal damage of bore holes and dynamics of thermo-mechanical tool
load can be assessed.
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Increase of Process Stability
with Innovative Spindle Drives

W. Bickel, K. M. Litwinski and B. Denkena

Abstract Especially in High Speed Cutting (HSC), the potential of machine tools
often cannot be exploited as vibrations at the main spindle limit the productivity.
At the Institute of Production Engineering and Machine Tools (IFW) and the
Institute for Drive Systems and Power Electronics (IAL) of the Leibniz Universität
Hannover, a new active method to increase the process stability is being resear-
ched. With the help of an electromagnetic actuator, which was integrated into the
drive of a milling spindle, highly dynamic damping forces can be applied to the
spindle shaft. Especially with stiff tool/tool holder combinations, the process
productivity can be increased significantly hereby. This article describes the
implemented concept and shows first promising experimental results of the pro-
posed method.

Introduction

On the one hand, the developments and improvements in cutting material and
technology lead to steady rising process parameters in machining. On the other
hand, the potential, which is made available by the progress, can often not be
exploited as vibration effects at the main spindle tend to destabilize the process and
therefore limit the productivity. The literature shows numerous different approa-
ches to this phenomenon. A conventional method to avoid instable cutting pro-
cesses (e.g. chatter) is the reduction of the machining parameters (spindle speed or
depth of cut).

In some cases, different strategies for the variation of the spindle speed showed
positive effects on the process stability [1]. Furthermore, approaches to increase
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the systems damping are on the rise. Passive methods with a hydrostatic damper at
the main spindle [2] or adjusted mass dampers [3] showed good results in stabi-
lizing drilling and turning operations. Active approaches were pursued in [4–6].
Here, actuators were positioned at the main spindle or the workpiece to influence
the process dynamics towards stable cutting conditions. The use of a magnetic
bearing, positioned next to the conventional ball bearing on the tool side, in [7]
also could increase the process stability through damping.

In the project ‘‘Method of drive integrated damping of spindle vibrations’’ a
new method to increase the process stability is proposed. It is based on the inte-
gration of an electromagnetic actuator into the drive part of a milling spindle. For
this purpose, an existing motor spindle concept has been modified to minimize the
power losses due to the required space for the actuator. The permanent magnets of
the spindle shaft have been replaced by a laminated core in the area of the actuator.
Eddy current sensors have been aligned next to the actuator to measure the spindle
vibrations. In machining, the actuator can apply highly dynamic damping forces
(fmax = 1500 Hz) to the spindle shaft and hence reduce undesired vibration
effects. An illustration of the concept is shown in Fig. 1. The placement of the
actuator between the conventional bearings offers advantages concerning the
system dynamics as no external parts have to be mounted to the spindle. Moreover,
the overhanging part of the shaft is left unchanged so that the compliance at the
tool center point (TCP) is also not reduced in comparison to the original spindle.

Design and Construction of the Damped Motor Spindle

In order to design the method, a finite-element model of a milling spindle has been
set up. For this purpose, the dynamics of several spindle components have been
measured and unknown parameters of the corresponding FE models were identi-
fied on the base of the measurements. The final FE model has been assembled from
the component models and further unknown parameters such as damping were
estimated. The resulting spindle model showed good correlation with the mea-
surements. This is very important as the efficiency of the method strongly depends
on the positioning of the actuator for which detailed knowledge of the system
dynamics is necessary. The designed model and a comparison of the measured and

Fig. 1 Principle of the
integrated spindle damping
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simulated Frequency Response Functions (FRF) at the TCP for the spindle with a
tool of 25 mm diameter and a protruding length of 89 mm are shown in Fig. 2.

Based on dynamic simulations where the damping effect of the actuator at
different positions has been considered, an actuator system was developed which
can be integrated into the spindle drive at the adequate position. Figure 3 displays
the design of the novel spindle drive with some technical specifications.

For the integration, the active component of the spindle has been axially divided
into two parts. The actuator was placed into the resulting gap. To prevent additional
end windings which would result from a separation, the persistent stator windings
are guided through the outer diameter of the actuator within a duct system. On the
inner diameter, the actuator contains six teeth where two subsequent teeth are
connected by one winding. Hence, three separately controlled sub actuators are
aligned in sectors of 120� around the circumference. The displacement sensors have
been placed in a plastic ring bound to the actuator whereas every sub actuator
contains one sensor. The entire ring is positioned beneath the bending radius of the
stator windings so that only slight additional loss in space resulted from the sensors.
Opposed, a measurement ring made of aluminum has been placed on the shaft to
prevent electrical saturation effects and therefore enable precise vibration mea-
surements even in high magnetic fields. For the assembly of the drive, the stator

Fig. 2 Finite-element Model of the spindle and comparison of FRFs

Fig. 3 Design and construction of the spindle prototype
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yoke has been as well designed radially divisible. This enables the winding of the
stator from the outer radius before assembly of the yoke.

Integration into a Machine Tool

For machining tests, the spindle was integrated into a Heller machining center,
whereas the control of the spindle was independent from the machine control. The
according measurement setup is shown in the left part of Fig. 4.

For the measurement of the FRFs in first place, eddy current sensors have been
aligned in two perpendicular directions at the tip of the engaged tungsten carbide
tool dummy. The system was excited with an impulse hammer at the measurement
position at different rotational speeds. In the right part of Fig. 4, the recorded FRFs
for the tool with a diameter of 25 mm are shown in two orthogonal directions. As
the presented FRFs were measured at a rotational speed of n = 3000 min-1,
especially in the lower frequency range up to 400 Hz effects from the tool
roundness and concentricity are seen. In the range of the first spindle eigenfre-
quency ([500 Hz), these effects are negligible and do not distort the measurements.
In addition to the undamped reference signal (blue), the measured signals for
different damping parameters are plotted in gray color. In the y direction a decrease
of the amplitude in the spindle eigenfrequency is observed with increasing damp-
ing. Exceeding the red plotted minimum leads to instability in the actuator con-
troller so that no higher reduction of the amplitude was possible. In total, a
reduction of 55 % in the amplitude of the resonance was achieved with the
damping. Regarding the orthogonal direction, several resonances were found in the
corresponding frequency range. Nevertheless, the amplitude in the dominating
compliant mode could be reduced by 35 % in the optimum (red). Here effects were
found which were also observed in the prior simulations. With exceeding of the
optimal damping, the dominant resonance shifts towards a higher frequency and the
amplitude rises again (plotted in green). Here the optimal damping constant was
found to be 35 Ns/mm which is very similar to the simulated results. Additionally,
an eigenfrequency at approximately 350 Hz is visible in the measurements in both

Fig. 4 Measurement setup in the machine tool and measured undamped/damped FRFs
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directions. This resonance contains a mode shape, where the entire spindle vibrates
in the spindle base so that only a slight damping effect of the actuator is possible.

Experimental Validation of the Damping Characteristics
in Machining

The experimental validation of the damped spindle was carried out in extensive
milling tests with the aluminum alloy AA7075 and different tool geometries. First
of all, the developed damping strategy was evaluated in stable milling conditions.
Here, velocity dependent damping forces were applied especially to the separately
excited vibrations from the tooth engagements. No significant influence either on
the process signals or on the machined surface was found. Considering the process
stability, the efficiency of the method was estimated at different instable cutting
conditions. Figure 5 exemplarily displays a recorded acceleration signal at the
spindle base in time domain as well as the measured displacement signal of the
spindle shaft at the actuator in time–frequency domain in x direction for unstable
cutting conditions in slotting. Furthermore, the respective machined flank surface
is shown.

In the process, the feed was disrupted after approximately 4.5 s and the
damping was activated for the rest of the time. Especially in the frequency domain,
the signal of the undamped phase is dominated by an eigenfrequency of the system
in the x direction at approximately 900 Hz. Furthermore a resonance from the y
direction can be found at 700 Hz. With the activation of the damping, a significant
decrease of the amplitude in the domination eigenfrequency as well as in the other
occurring resonances was achieved, whereas the amplitude in the tooth engage-
ment frequency did not change. As a result, the cutting process became stable.

Fig. 5 Stabilizing of an instable slotting process
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Similar effects were found in the machined flanks. While the instable process left
chatter marks, the surface in the stabilized process was only created by the regular
tooth engagements and improved clearly. To summarize, stability lobes have been
recorded for the described process and are plotted in Fig. 6.

In addition to the experiments with the undamped system (green/red circles),
blue circles present the experimentally stable damped cutting limits. Furthermore,
solid lines show the calculated stability lobes on the base of FRF measurements in
undamped and damped states (red/blue). Although there are differences between
the calculated and measured cutting limits, the tendencies can clearly be seen. In
specific areas, the stable cutting depth could be increased by 50 % with the
introduced damping method.

Summary and Outlook

This paper presents the construction and design of an innovate spindle to increase
process stability in milling. An electromagnetic actuator was integrated into the
spindle drive to apply highly dynamic radial damping forces to the spindle shaft.
First experiments showed a significant decrease in the amplitude of the chatter
frequencies in instable cutting conditions due to the damping method. Conse-
quently the stable cutting depth could be increased by up to 50 %.

However, the dynamic system changed its characteristics with the use of dif-
ferent tools or due to the cutting process in the milling tests. The change of the
dominating spindle resonance in particular, demands steady adjustments of the
damping control in order to keep the system stable. So far, the necessary steps
(setting the damping constants or the filter design) were performed manually and
were therefore not optimized and prone to errors. In future work, these operations

Fig. 6 Experimental and calculated stability lobes for undamped and damped processes
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will be automated by the spindle controller. This will also enable the autonomous
in-process adjustment of the spindle to the situation. Moreover, the constructed
prototype was only a demonstrator for the efficiency of the method. On the way to
a fully integrated damped spindle without external parts in the drive, ongoing
research will focus on the development of the corresponding new drive part.
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Towards a Cax-Framework for Adaptive
Programming Using Generic Process
Blocks for Manufacturing

Gunter Spöcker, Thomas Bobek, Lothar Glasmacher
and Fritz Klocke

Abstract Over the last years the aerospace industry demands for increasingly
complex process chains, as worn, high-value parts have to be repaired and
resources have to be used more efficiently. To cope with this growing complexity,
tool support ist required for different reasons. The process chains have to be layed
out, the knowledge of the processes has to be captured and should be easily
available. Furthermore, process chains evolve over time and it should be possible
to use the research results to optimize in-use process chains. In this paper it is
shown how the function block approach can be extended by ‘‘Generic Process
Blocks for Manufacturing’’ (GPBM) in order to meet these requirements for offline
adaptive process chains. For this, GPBM introduces a new placeholder function
block which supports the reuse and exchange of already modeled process chains.
In addition, a case study discusses how this approach can help to transfer a process
chain originally designed for tip repair of a single gas-turbine airfoil to a blade
integrated disk (BLISK) and how the corresponding process chain knowledge can
be stored in a common place.
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Introduction

In the last years process chains in aerospace industry have become increasingly
complex and are expected to achieve higher quality at the same time. Reasons for
this are the demand to repair high-value parts (e.g. blade integrated disks—
BLISKs), the request for resource efficiency and new approaches such as indi-
vidual manufacturing—in Germany known as ‘‘Industry 4.0’’. Modeling and
planning these process chains requires detailed process knowledge and experi-
enced personnel, since this is still mostly done manually. Current CAD/CAM
applications used in industry are operating on the nominal geometry and mainly
using tree-based structures that describe the manufacturing sequence of the
workpiece. This hinders the design of adaptive processes with varying process
flows since dependencies between process steps are not directly apparent in this
kind of structure. Furthermore, knowledge is not centrally gathered, as the process
chains are usually stored in the part or assembly file.

This paper introduces ‘‘Generic Process Blocks for Manufacturing’’ (GPBM) by
extending a function block approach with parameterized types in order to support
programming offline adaptive process chains, capturing the relevant knowledge
and making it easily available for future programming jobs.

This approach allows defining subgroups of manufacturing process chains with
placeholders, which can be instantiated and used as modules to form specific
process-chain blocks. Therefore, knowledge can even be captured across various
process technologies in these partially-defined process templates and leveraged for
new products as it will be shown in the case study of this paper. This approach was
studied and successfully tested based on a software platform called ‘‘CAx-
Framework’’ developed by the CAx department of Fraunhofer IPT within the
Fraunhofer Cluster of Innovation ‘‘TurPro’’ (Integrative Production Technology
for Energy-efficient Turbomachinery) [1].

State of the Art

Modeling and planning of process chains has already been addressed in research
work in the context of computer-aided process planning (CAPP). CAPP tackles the
problem of finding and selecting an ordered combination of available manufac-
turing processes to enable the successful manufacturing of the desired product.
Different approaches have been studied to design complex process chains such as
object-orientation, petri-nets, feature recognition and knowledge-based approaches
[2]. In any of these approaches a modeling language was used to express the
process chain and two major approaches have been proposed: STEP-NC and
function blocks.
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STEP-NC is a machine tool control language based on the STEP standard for
the exchange of products (ISO 10303) and contains all information for manu-
facturing, through the description of machining entities, workingsteps, workplan,
tools, machining strategies, etc. [3]. Each of this data is described by a corre-
sponding application protocol which itself is defined in the data modeling language
EXPRESS. STEP-NC describes data structures and does not include any intelli-
gent functionality itself [4]. Typically, STEP-NC forwards meta information
through the whole process chain. The idea behind this approach is that the CNC
controller at the machine tool is expected to know best how to produce a specific
feature, since it can leverage its detailed information of the kinematics. The future
goal of STEP-NC is to support online adaptive CNC controllers, which can
optimize machining parameters and tool-paths in real time [5]. However,
STEP-NC is limited to feature-based approaches as it is only descriptive.

The second commonly proposed approach to program process chains is by
leveraging function blocks (IEC 61499) [6]. Function blocks were originally
designed for distributed industrial-process measurement and control systems but
have also been applied to process planning, scheduling and execution [7]. Each
function block defines sets of events, data in- and outputs and an execution control
chart (ECC—an extended form of a state machine). On receiving an event, the
ECC potentially changes its current state, may start the execution of a specific
algorithm and is able to emit an output event, which in turn can trigger the ECC of
another function block. In contrast to STEP-NC this approach is not limited to
feature-based manufacturing since a function block can contain any type of logic.

Recently, a combination of the two previously described approaches was pro-
posed, using function blocks to implement a STEP-NC processor on the CNC [8]
and function blocks with STEP-NC as data model to facilitate data exchange
among heterogeneous systems [9].

Function Block Approach

As this paper aims towards offline programming of adaptive process chains and the
preservation of the involved knowledge, the function block approach is used as a
basis. This decision was made due to the features the function block approach
provides: (i) Algorithms, applications or resources can be integrated abstractly in
the function block design, helping to interconnect the various systems used in the
heterogenous environment of adaptive process chains. For example this option
might be required to extract deviations of measurement results from nominal CAD
geometries with a specialized software and feed them to the next process step
automatically. (ii) It enables an easy integration of user interactions in an event-
driven architecture, e.g. for machine tool changes or verification steps. (iii) It is
also appropriate for industries which do not want to reveal their intellectual
property since binary distribution is possible [10].
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IEC 61499 defines three types of function blocks: The basic function block can
contain internal variables and algorithms, which can be triggered by the ECC to
operate on given input data. The second type—composite function block—consists
of other function blocks. The third—service interface function block—is ignored
in this paper as it used for direct hardware communication.

Figure 1 gives an example of a composite function block for calculating x2. On
receiving the event ‘‘Run’’ the data of the input port ‘‘In’’ is read from the input
buffer (visualized by the vertical line and the connection squares, also called
WITH construct) [10] and forwarded to the ports ‘‘In1’’ and ‘‘In2’’ of its child
block. This basic function block implements the ECC shown in Fig. 2. The event
forces the ECC to transit to state ‘‘Run’’, trigger the multiplying algorithm, send
the output event ‘‘Finished’’ afterwards and then return to the original state.

However, there is a drawback in the function block approach: It can only
describe completely defined and fixed composite function blocks. Together with
the definition of a composite function block each of its children has to be defined,
all control paths of the event logic and data interfaces have to be fully known as
well. This characteristic is not a limitation in the standard use cases of IEC 61499.
In adaptive CAx process chains the possibility to exchange parts of a process chain

Run Finished

In Out

X

Run Finished

In1 Out

In2

Multiply

Fig. 1 Composite function
block implementing x2 by
using a basic function block
for multiplying two input
values

Start

Run Mult Finished

Run1

Fig. 2 Example ECC for
calling the multiplying
algorithm
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is very useful for the centralization of knowledge because many process chains are
partially similar to each other in terms of the working steps involved. For example,
most manufacturing process chains start to determine the position of the raw part
in a machine tool but the steps after that will vary depending on the specific
process plan. This approach requires manual copying of constant function blocks
by the operator and manual adaption of varying parts of the process chain. Sub-
sequently, changes in the different copied versions will result in an unmanageable
database of function blocks. The same argument applies to avoiding duplicates of
code bases [11].

Alternatively, the composite block can include all options and allows a selec-
tion based on input data or the state of internal variables [12]. A growing number
of options makes this alternative less applicable, especially if there are chains of
such alternative sets. Another problem with this approach can be noticed if the
alternatives are constantly growing (e.g. if a new manufacturing process gets
available).

This problem will become especially eminent in complex composite function
blocks as they occur in adaptive process chains. Furthermore, those will be con-
stantly enhanced and the corresponding evolving knowledge is important to gather.
Information about the revision history of a process is important later on and is
much easier visible if changes can be reduced to the minimum in one function
block.

The GPBM

To overcome these problems, the GPBM approach proposed in this paper intro-
duces a new type of function block ‘‘placeholder’’, which can be used in composite
function blocks. The basic idea is to provide exchangeable function blocks with
compatible interfaces. It requires already defined event interfaces and data in- and
outputs. An example of such placeholders is shown as gray function blocks in the
example process chain in Fig. 3. The details of this process chain will be discussed
in the case study. So far it is important to notice that the placeholder function block
can be used like any other function block type but without the requirement to
define what is happening internally. Although, specifying an execution control
chart and sub function blocks is possible and will be replaced by the actually
placed function block. Such a ‘‘default implementation’’ might simplify debugging
and developing of the composite function block itself. This concept is very similar
to parameterized types and generics [13]. As the main advantage process-related
changes in the GPBM will automatically update all dependent processes without
further user interaction.

Placeholder function blocks can be instantiated by specifying a function block
which should be put in the position of the placeholder function block. This
instantiation is illustrated in Fig. 4 by the gray shapes in the form of a function
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block. In order to allow a function block to be placed in a placeholder, it has to
meet two conditions:

1. The event and data inputs of the placeholder function block must be a superset
of those of the placed one (including the WITH constructs)

2. The event and data outputs of the placed function block must be a superset of
those of the placeholder one (including the WITH constructs).

If one of the two conditions is not met, the underlying tool chain shall report an
error, as behavior would be undefined. A single composite function block is
allowed to contain multiple placeholder function blocks. Furthermore, there is no
limitation in respect to the type of function block to be placed in such a placeholder
function block. In particular even a placeholder function block of the parent
composite function block is allowed, resulting in nested generics.

This approach is quasi-compatible with the existing IEC 61499 standard since
an instantiated placeholder function block can be converted to one of the standard
function block types. This can be done with a preprocessor either integrated into
the function block framework/tool chain or implemented as a standalone software
tool. The proposed GPBM are compatible with distributed systems, as the
placeholder can be expanded to the corresponding fully defined function block net.
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A Case Study

To demonstrate the benefit of the proposed extension compared to standard IEC
61499, a simplified adaptive process chain for tip repair of a BLISK will be
discussed in this case study. For simplicity, the example ignores steps like cooling
and calibration which might be needed in a real process chain.

It is based on the results of the Cluster of Innovation ‘‘TurPro’’ [14] for tip
repair of gas-turbine airfoils. A laser material deposition machine tool and a
milling machine tool with an integrated laser-scanning device were used to repair
the tip. This setup allowed to scan, mill and recontour on a single machine tool. A
unity reference coordinate system was guaranteed by a specifically developed
clamping system for turbine blades.

The activity diagram in Fig. 5 shows by repeating the four main process steps,
laser scanning, milling, laser material deposition and recontouring, for each blade
of the BLISK. One option would be to directly transfer this process chain to a
BLISK and executing it on each blade. However, this process chain would be
highly inefficient since a BLISK with n blades requires 2n ? 1 manual clamp and
unclamp operations and 2n scan/milling tool changes.

Execution of a single process type for all blades of the BLISK at a time
followed by switching to another machine tool shows an increased efficiency. This
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Fig. 5 Naive adaption of
blade process to BLISK
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approach as it is illustrated in Fig. 6 reduces the amount of manual clamp and
unclamp operations to a total of just 3 and 2 scan/mill tool changes.

This shows that the process chain for repairing the tip of a single blade can not
directly be reused to repair the tips of multiple blades on a BLISK. It is necessary
to insert loops in order to repeat process steps individually. Instead of copying the
whole function block net of the original process chain and manually adjusting it,
the GPBM and its additional abstraction level is used. With this method each of the
three main process steps for one blade can be modeled in a simplified way as a
‘‘Generic blade process step’’, as shown in Fig. 4.

The ‘‘Laser Scanning’’ function block requires the nominal blade geometry and
the coordinate system of the current blade. On receiving the RUN event, this
function block scans the blade and calculates a point cloud representing the worn
blade geometry, upon finishing the FIN event will be triggered. Next is the
‘‘Analyzer’’ function block, which determines the deviations and the actual posi-
tion of the blade relative to the nominal geometry. Afterwards the ‘‘Check Con-
straints Placeholder’’ function block is expected to check if the previously
determined deviation is not exceeding the maximum tolerances for the actual
process. Defining constraint checking by using a placeholder is required since the
type of check may vary depending on the process, the machine tool or the used
material. On a successful check the ‘‘Process Placeholder’’ function block and
therewith the actual process will be triggered.
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In Fig. 4 the generic blade process step is shown as a composite function block
and instantiated three times to model the process chain for blade tip repair. Each of
the steps is instantiated with one of the processes and its corresponding constraints
function block.

The complete process chain for BLISK tip repair is shown in Fig. 7. By nesting
the generic blade process into another GPBM, the previously mentioned loop for a
BLISK is implemented. Therefore this block requires the nominal CAD model of
the BLISK and its coordinate system as input. Either by user interaction, feature
recognition or mathematical function, this function block will iterate over all
blades of the BLISK, executing the nested generic blade process with the appro-
priate data. Identically to the generic single blade process step, this generic loop
function block is used and instantiated with the actual milling, laser material
deposition and recontouring function blocks and their corresponding constraints
check function blocks.

The similarity between the modeled single blade and the BLISK process chain
in Figs. 4 and 7 shows how process knowledge can be shared across different parts
and thus confirms the potential of the GPBM.

Conclusion

This paper has proposed the new approach of ‘‘Generic Process Blocks for
Manufacturing’’ (GPBM) by adding generics to IEC 61499. This concept enables
programming of offline adaptive process-chains due to the characteristics of the
function block standard and introduces another level of abstraction from which the
user can benefit in multiple ways. Stored GPBMs can be reused in different sce-
narios and therefore help to preserve knowledge at a centralized place and by this
simplifying the legibility of the model. Furthermore, process-related changes in the
GPBM will automatically update and optimize all dependent processes without
further user interaction.
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The Initial Analysis of Ethernet Bus
for Monitoring HSM Process
in Aerospace Industry

Piotr Szulewski

Abstract The monitoring of machining process seems to be the crucial for
effectiveness and accuracy. The precise monitoring needs fast, efficient, easy and
open communication standard for data interchange or data acquisition. The use a
popular, inexpensive and ordinary network system instead complicated and
valuable professional/industrial field-bus is really attractive. The paper presents
some conception of the office Ethernet implementation as data transmission
structure for monitoring. The basic, laboratory tests with different protocols and
configuration were done. As a conclusion several rules were formulated to help
potential users.

Keywords Ethernet � Network � Monitoring � Data acquisition � Information
integration

Introduction

During the machining materials with high cutting speed several problem occurs.
For example: chatter vibration in all axis, high temperature (tool and work piece),
flexible cutting condition, work piece deformation, etc. [1]. All these parameters
affects on work piece quality. Because it seems that the tool condition is the most
crucial and determining factor for quality—the online tool condition monitoring is
of great industrial interest. It is incredibly important, especially in aerospace
industry, where expensive combination alloys are machining and quality is crucial.
Therefore a sophisticated process monitoring system is strictly required to identify
the actual cutting conditions. Usually, the basic monitor system for multi-modal
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sensing consists of several nodes like: force sensor, vibration sensor, acoustic
emission sensor, feed rate and cutting speed sensor, temperature sensor [2]. From
the informatics point of view—plenty of generated data coming from many sen-
sors should be transferred directly from their source to supervising system
(computer). But how to find a good communication solution which will be really
effective, open, scalable, inexpensive and easy to use?

Thesis

The main goal of realized experiment, was testing the influence of network
topology and network load on data real delivery time. Proposed (working) thesis
was: In case, when transmission in real time in not absolutely necessary the
normal, traditional Ethernet should be fully used. It can be use as effective bus for
process monitoring instead complicated and expensive industrial field buses. As a
traditional Ethernet is characterized office installation and standard TCP/IP stack.
All tests were done with artificial network transmission which was prepared to
imitates the real communication between sensors and computer.

Background

In today’s really competitive world, where market determines success and prin-
ciples, all manufactures have realized that they absolutely need a ‘‘total automa-
tion’’ as their mantra to triumph. It should be stated that the factory automation has
been lately developed worldwide into very large research area. In fact, it presently
incorporates and analyze completely different knowledge disciplines including
control, sensor, actuators, communication, real time adjustment, software pro-
gramming, etc. However we can observe that the main impact of automation
system (especially in machine tools) is focused on high effectiveness of process
monitoring or control. The possibility of precise (close loop) supervisory system
which integrates individual process characteristics will result in really higher
productivity, machine tool effectiveness, better final product quality and expected
near-zero breakdown [3]. The modern manufacturing systems (like machine tools,
robots, technological equipment, assembling lines, etc.) are controlled by pro-
grammable numeric controllers (PLC, NC, CNC) or industrial computers. Some-
times the embedded, dedicated microcontrollers should be used to run control
algorithm. The computation and processing of digital information is the basement
for present control and monitoring. This situation is sometimes called as infor-
mation cloud or information distribution. To realize the right communication
between all nodes—the electronic data interchange system should be used. Many
different network types have been promoted and recommended for use on a shop
floor. Over the past 20 years several field bus network types were introduced in
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factory automation. But in fact, many years of standardization effort have com-
pletely failed to achieve one, good, universal, single standard. On the other side,
there is Ethernet which has been around for many years and it is predominant in
office computer systems with more than 85 % of the LAN market [4]. Cheap, easy
to manage, compatible components for Ethernet-base networking are really
attractive for everybody. Nowadays, a considerable number of factory and control
automation applications adopted Ethernet as its industrial communication solu-
tions [5]. Ethernet has been originally developed by Xerox and is known more than
40 years. But in fact, this standard was commercially introduced in early 1980. It
is fully compatible with ISO/OSI regulations and belongs to the local area network
(LAN). As a main advantages should be enumerated: compatibility, higher
bandwidth, media access control, different physical media, reducing installation
costs, increase reliability, improve management, practically no limit distance,
reduction of electrical noise problems, provides electrical isolation, etc. Ethernet
uses a communication concept called datagram to get messages across the net-
work. The stream of data is divided into shorter pieces called frames. Every frame
contains source and destination addresses and error-checking data so that any
damaged data can be easy detected and re-transmitted. The data field in each
package can contain up to 1500 bytes of user information. All over the world the
Ethernet is qualified as a synonym of really open network standard which is define
with attributes: interconnectivity, interoperability and interchangeability. It is also
the most popular network standard in office and home environment. Mainly, the
Ethernet is precisely described by norm signed as IEEE 802.3x where ‘‘x’’ indi-
cates following standards. The main difference between standards respects the
throughput, topology, distance range, medium type. Historically Ethernet tech-
nology was established as a standard for office communication to provide effective
communications between the different nodes like PCs, printers, data servers etc. In
was thus no surprise that industry sector was looking carefully to Ethernet for a
really low cost networking solution. The main problem in simple adoption this
conception into industrial requirements was the non shared and non dedicated
network bandwidth. The transmission collision could occur at any time and it was
impossible to predict message delays. The (office) Ethernet is in fact non deter-
ministic. For these reasons, as a result for the constant development, the special
variety called industrial Ethernet has been created and implemented into auto-
mation systems [6]. The main differences between Industrial and office Ethernet
are: support for real-time application, redundancy, accommodate multiple service
quality levels, time synchronization, fault tolerance, ready for work with high
humidity (condensing), strong vibration, hot temperature, corrosive environments,
etc. Presently, many products dedicated for industry are available on the market.
Most popular could be enumerated: EtherNet/IP, Profinet, ModbusTCP, Power-
link, EtherCat. Unfortunately these standards are completely incompatible each-
other. On the other hand they are extremely expensive due to the necessity of
purchase only dedicated equipment (hardware) and specialized software.

Of course it is possible to use a special, dedicated equipment for translation data
stream from one standard to another. As an example of such a transfer method the
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AnyBus bridge can be use. But, translation process needs time (effective
throughput decreases) and is not cheap. So, the traditional Ethernet technology is
still needed, useful and attractive for industrial use—especially if it will be little
tailored for monitoring processes. It should be emphasized that traditional Ethernet
makes process data and diagnostic functions device-independent and all equipment
in a plant should be linked with just one bus technology (fast and inexpensive) [7].
On the other hand, there is a significant difference between industrial and office
operational reliability. The equipment MTBF-value may be important for pro-
fessional installation, but for laboratory use is not pivotal.

Installation—Hardware

The laboratory test structure installation is presented in Fig. 1. It consists of:
notebook (PC 3) with operational system Win XP (32-bit, Hewlett-Packard
Compaq 6710 s), network Ethernet terminal (Beckhoff, modul BK9050—Bus
Couplers connect Ethernet with the modular, extendable electronic terminal
blocks—KL2408.), stationary personal computer with Linux Slackware (ver. 13),
Ethernet switch Cisco (Catalyst 2900XL with firmware C2900XL-c3h2 s-ms.120-
5.WC3b) and power supply NDN DF (24VDC/5A). The TwinCat (ver. 2.11.1553,
Beckhoff) software is installed and configured on the notebook. This computer
works as a ordinary PLC under control of software ‘‘PLC Control’’ made by
Beckhoff. For the maximum computer performance all not necessary system
functions were in switch off mode to move computational power only into useful
tasks. The stationary computer works like a substitute of simple data acquisition
server which collects measured data from different sensors. Three different net-
work structures has been chosen to check the network traffic for possible process
monitoring configuration during the real machining in HSM. All network com-
ponents are connect using unshielded twisted pair cables (cat. 5e) ready for
100 Mbit/s bandwidth. The standard (in fact ‘‘stationary’’) packet delivery time
was checked using the ‘‘ping’’ tool. The received result was not surprised—1 ms,
which is absolutely proper response time for such structure.

Installation—Diagnostic Software

As a measurement device some sophisticated software tools were used. On the
stationary computer the ‘‘Wireshark’’ software was installed. It is a specialized
data monitor and performance meter for network application. Also, for general
traffic monitor the ‘‘iptraf’’ tool was applied. The graphic presentation of indicated
data transmission were done using the standard windows network monitor tool.
The intercepted network data were analyzing using the Excell spreadsheet and
presented in graphic form for useful perception.
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Methodology

The really important difference between industrial and office application is the data
sent frame size [8]. The typical industrial communication data size is rather short
and usually does not exceed 1–8 bytes. For the test—64 bytes was approved. This
is the minimum Ethernet frame size. This is no profitable situation for real data
acquisition but test should be done in the worst applicable case. The Fig. 2 pre-
sents the first 10 captured packets during the initial conversation between PC2 and
BK9050. It is significant the RTT is really short and not exceeds the value 7.8 ms.
The data was captured using the ‘‘wireshark’’ network tool. For example, the main
computer collects information from several vibration sensors mounted on machine
tools—data are transferred together in one packet. In fact the protocol reduces
slightly the data transmission efficiency. As a important transmission parameter the
round trip time (RTT) was accepted. This concept identify the time for short data
transmission from one network node to another (PLC to PC or sensor to PC). It is
described by simple formula: T1–T0 = RTT (where T1—response receive time
indicated by ‘‘Wireshark’’, T0—demand time indicated by ‘‘Wireshark’’). Trans-
mission times were observed and reported for TCP protocol and UDP protocol
separately. Differences between these protocols are considerable and should be
noticed. UDP is connectionless protocol. It uses a simple transmission model with
a minimum of protocol mechanism. It is suitable for purposes where error
checking and correction are either not necessary or performed in the application,
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Fig. 1 The main installation structure
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avoiding the overhead of such processing at the network interface level. On the
other hand, TCP is connection-oriented protocol. It means that TCP provides
reliable, ordered, error-checked delivery of a data stream. TCP is optimized for
accurate delivery rather than timely delivery.

Research Work

The data broadcast storm is presented in Fig. 3. It occurs when network is wrong
configured, viruses are working, DoS attack, etc. The stationary PC 2 has sent
2100 ICMP packets per second. It is estimated to the 25 Mb/s network throughput.
In such a worst situation the real useful transmission between BK9050 and PC3 is
stable and acceptable. The outgoing rates 24757.7 kbit/s is marked by dark rect-
angle in figure. During the research work, the several scenarios were prepared,
simulated, tested and analyzed. As an example, some main tasks will be

Fig. 2 The RTT for initial conversation—‘‘Wireshark’’ print screen

Fig. 3 The broadcast storm in network—‘‘iptraf’’ print screen
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enumerated to show the complexity of transmission problems: (a) The commu-
nication in simple (peer-to peer), network structure, (b) The communication in
complicated architecture when the switch works as a transmission mediator,
(c) The difference in data encapsulation in TCP and UDP protocol, (d) The double
transmission in data-pair on demand, (e) The communication behavior in separate
collision domain, (f) The communication in broadcast and unicast mode, (g) The
simulation of packet collision, (h) The software redundancy for stability of data
transmission, (i) The virtual private network segmentation as solution for reducing
the traffic storm, (j) The implementation of QoS (Quality of Service) at the media
access control (MAC) level to divide data stream into referred priority to minimize
the time delivery. The Fig. 4 indicates the graphic presentation of network use
during the transmission storm. The average network load was 60 Mb/s. It can be
easy observed when packet collision appeared—so utilization is significantly
decreased. The reason for storm was false Vlan configuration. Simple division into
separate independent Vlan solved that problem completely. The Fig. 5 presents the
RTT for transmission of 10.000 packet (5000 pairs) between PC3 and BK9050
using TCP protocool. answers The minimum RTT was 7.63 ms and the maximum
23.49 ms. The standard deviation was 1.7 ms. It seems that use of TCP in that case
is acceptable.

Fig. 4 The network throughput in storm—‘‘network monitor’’ print screen

Fig. 5 The RTT (min 7.63 ms, max. 23.49 ms) for 10,000 transmissions by TCP protocol
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Conclusion of Research

According to the achieved results of realized tests and research work, some gen-
eral, useful conclusions should be formulated and presented. They will be bene-
ficial for constructing the modern, effective acquisition system for machine tool
and process monitoring. Please note that:

• Some basic security regulation should be introduced into Ethernet network
structure to prevent traffic jam (data storm) and to acquire the solid stability of
transmission.

• The conception and Ethernet components make possible to achieve real scala-
bility of network architecture and topology. Also, the implementation and
configuration process is shorten to minimum time and obligate effort. Well
known arrangement and intuitive interface reduces the required training for
personnel.

• The multitude of different available protocols help to find the best (may be tailor
made) solution for every transmission task.

• If the most important for slave-master communication is reliability without
necessity of short time delivery, the TCP/IP protocol should be recommended.
On the other hand, if really important is short time and more predictive behavior
of transmission, the UDP/IP protocol should be rather use.

• In critical situation when effectiveness of transmission is the main goal—the
software redundancy should be implemented. For example, the simple STP will
be enough for many application. Every producer of the network Ethernet
hardware has his own mechanism but it should be in a work mode (just find and
run it).

• It is strictly recommended not to engaged the main computer into unimportant
tasks during the data acquisition process. All, not necessary tasks (www, mail,
etc.) should be closed or cancelled. If it is not possible to restrict the commu-
nication with other computers, the software priority of network datagrams
should be implemented.

• In case of large, complex data acquisition network, to reduce the possibility of
unexpected attacks (DoS-Denial of Service, broadcast storm, data overload or
useful bandwidth reduction) the virtual structures (v-lan) should be created. It is
the best solution to separate traffic between different measurement structures.

Referring to the thesis proposed at the beginning of the paper, it is justify that if
some rules and limits are accept, the performance of traditional Ethernet is
absolutely applicable for data transmission bus to enhance flexibility and reduce
final costs. But from the practical point of view, the test with real data coming
from sensors is strictly necessary to check the stability and network load. Such a
work will be done in nearest future. An extra advantage of Ethernet implemen-
tation is simplicity cooperation with CNC controllers. Many current CNC are
equipped with Ethernet interface as a standard so double-way communication with
monitoring equipment will be easy. It is important that monitoring mechanism
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should has a real influence on monitored process to change wrong parameters or
correct variables.
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Producing Better Turbines by Using
Process Monitoring and Documentation
Technologies

Jan Brinkhaus, Martin Eckstein and Joachim Imiela

Introduction

Modern aircrafts are designed under aspects of passenger safety, weight as well as
running, purchasing and maintenance costs. These aspects conflict with each other
at several points. Especially limiting the aircraft costs and weight conflicts with the
most important aspect—the passenger safety. KOMET Brinkhaus and MTU
Munich established in compliance with FAA rules a whole production strategy
which allows a reduction of safety factors in the design of turbines without
reducing the aircraft safety. The new turbines are light weighted and thus fuel
efficient. The primary enabler was a strict real time process monitoring with
complete process documentation while producing safety critical elements.

Today propulsion systems for planes have to meet increasingly more chal-
lenging requirements in terms of performance, cost-effectiveness, operational
safety and environmental compatibility. To be able to compete in the international
marketplace, engine manufacturers must develop innovative solutions for the
design, manufacturing and quality assurance of highly stressed jet-engine com-
ponents to satisfy the requirements of airlines and safety regulations [1–4].

Jet-engines clearly differ from other propulsion systems used in general
mechanical engineering and vehicle construction above all by the materials used
and the extreme stresses occurring in operation. Highly-stressed jet-engine
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components have to meet the highest requirements in terms of reliability and
component service life. Therefore very specific solutions are required [2, 5–7].

Bolt holes in rotating turbine and compressor disks belong to the most highly-
stressed geometric features of jet-engines. Their in-flight-failure may result in the
loss of the aircraft and endanger human lives. For this reason, the quality and
reliability of hole making are of utmost importance. For manufacturers of jet-
engine components it is important to assess the quality of these holes at an early
stage in the manufacture of the product and not as late as at final inspection. In the
event of apparent deviations, it must be possible to interfere with the manufac-
turing process in time, to make sure that component properties are within the
specified limits, defined at the design stage and validated and certified in engine
test runs [1, 6].

Among other manufacturing methods, the machining of holes in jet-engine
parts is especially sensitive, because a lot of them are situated in highly stressed
areas. In the past, improper hole-making has already caused damage or inflight-
shutdown of engines. The most popular of these engine failures is the so called
‘‘Pensacola-Incident’’, which caused the death of two passengers in 1996 [8]. The
reason for this undiscovered failure was the misjudgment of a tool breakage during
pre-drilling of a compressor disk. Figure 1 gives an impression of the enormous
energy which was set free.

The tool breakage itself was caused by a lack of coolant during drilling. The
component did not fail immediately but after approximately 10 years in use. This
was caused by debris of the broken tool which remained in the component and
which was not detected by inspections [8].

All of the above aspects suggest the production of mechanically stable and
heavy turbine components. Nevertheless it has to be considered, that constantly
increasing standards for environmental protection e.g. for noise, NOx- and CO2
emissions do not automatically support the increase in robustness of aero-engines.
These limitations impose additional pressure on engine designers to reduce weight,
improve aerodynamics, increase process temperatures and enhance operational

Fig. 1 Pensacola-incident
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loads. This challenge can only be mastered with an improved control of the quality
of the manufacturing processes.

The purpose of monitoring the production processes is to reliably identify
deviations or anomalies during machining immediately and take appropriate action
[9, 10]. This protects the machine-tool and/or work piece against damage [11, 12],
saves related costs, secures or even improves product quality [13–15] and enables
unmanned production.

Beneath the general argument of better process control, a second motivation for
monitoring has gained importance for the safe life concept of aero-engine design.
FAA-AC 33.3 [16] describes, that within the design process of highly stressed
aero-engine parts—in addition to stress calculation—a special risk assessment has
to be performed [17]. This is called damage tolerance assessment. If the result of
this assessment does not provide enough evidence that the target life of a com-
ponent or it’s life-limiting features can be achieved, a risk mitigation is necessary.
By choosing creditable means to improve production quality, the output of the risk
assessment can be updated. These credits may save a product redesign, a change in
material or additional in-service inspections [17]. Creditable means are for
example the introduction of a post finish process, an advanced component
inspection or statistical data for a high process capability. By far, the highest credit
is granted for process monitoring.

Monitoring the Production

MTU and KOMET Brinkhaus have applied a very strict strategic combination of
process monitoring and process documentation for the production of holes at the
MTU plant in Munich. The KOMET product ToolScope was enhanced and
embedded into a consequent strategy that targets a complete production process
control. The whole strategy was developed and implemented during a 5-years
R&D effort.

As prerequisite the MTU started a research project several years ago, which
targeted the basics of the needed monitoring strategies. It was evaluated, which
monitoring strategies where needed to fulfill the FAA rules as best as possible.
Therefore it was determined, which effects disturb a constant drilling and how they
could be measured in which sensor data. Details of these aspects will be published
in other publications.

Based on this research, a very deep strategy of monitoring the production
process was developed and implemented. Parts of this strategy are the following
aspects:

(1) Monitoring the coolant flow and pressure:
By monitoring the coolant flow and pressure, two big requirements for a
constant drill process are assured. The correct flow is a precondition for a
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defined temperature at the tool tip as well as the correct inprocess-removal of
machined material out of the hole.

(2) Monitoring the spindle and feed axis power:
Defined conditions for spindle and feed axis power are also preconditions for a
constant drill process. They guarantee primarily a constant force and tem-
perature foot print at the tool tip. Together with the simple values of the
powers, some attributes of the signals are extracted and monitored separately.
These attributes were found and validated in the mentioned MTU research
program.

(3) Assuring that the machine personnel does not disable or work around the
process monitoring devices:
During production ramp up it was seen, that the machine personnel has also to
be monitored not to modify the process. Because the monitoring of many
production values was very tight, it was primarily needed to assure, that the
machine doesn’t produce, if the monitoring system is brought in a condition
where it would not work. This was done by a close handshake between PLC
and the monitoring system.

(4) Documenting information like part numbers, NC program versions, used tool
names etc.:
To let the monitoring system do the main part of the documentation, it was
needed to transfer a big amount of data from the production machine to the
monitoring system. To avoid that the user has to do too much manual input at
the machine before each process, as much information as possible was hard
coded as variables within the NC program. Some parts of the information are
then asked from the user during production. Before each single hole, all data is
transferred by special NC cycles from the NC of the machine to the monitoring
system. For this, untypical features of a process monitoring system were
needed. An example is that the monitoring system needed the ability to
exchange strings (like ‘‘program name’’) with the control.

(5) Creating measurement protocols and preserve the relevant part information’s
and sensor data for each hole:
Much work was spend in a good and practicable scheme of documenting the
monitoring results. It was seen during tests, that many schemes exist which
have for each their pro’s and con’s. The first documentation variants were
implemented as Excel readable ASCII files, together with screenshots of the
monitoring. One step forward was the generation of nicely formatted PDFs
which gave all needed information in a printable paper. A next step will be the
integration of the monitoring system into a central measuring data store of the
MTU. This store—of course—has special data formats too. Many of the
interim results are still present in the current implementation of the production
monitoring, because every of the mentioned documentation formats has its
own advantages.

(6) Archiving this information safely at external long time data stores:
The aspect of long time data storages was a big topic at the end of the project.
The monitoring system was extended by the ability of handing out its protocol
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data within windows networks. For getting a clean data flow design, hand-
shakes had to be established between the control, the monitoring system and
the documentation system. To achieve a clear network design, the monitoring
system offers two network ports, which can be configured for separate IP
address ranges. The system can thus be connected to the machine internal
network and an external factory network, without needing a direct connection
of both networks with a switch or router.

The structure of the monitoring engine is shown in Fig. 2.

Outlook

MTU Munich and KOMET Brinkhaus could achieve the—apparent currently
highest—credit value from the FAA for hole making by applying the above
described strategy. The whole system is currently implemented on four CNC
machines in Munich and two CNC machines at a supplier plant in Israel. This
structure will perhaps be extended in short time by four additional machines in
Munich. Current works are dealing with the user interface, the exchange of
monitoring limits between machines and the integration into other MTU data
stores.

Fig. 2 Setup of the described strict monitoring and documentation engine
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From Fuzzy Maintenance, Repair
and Overhaul Data to Reliable
Capacity Planning

Steffen C. Eickemeyer, Simon Steinkamp, Bernhardt Schuster
and Sebastian Schäfer

Abstract To increase the logistical performance of regeneration processes, the
Institute of Production Systems and Logistics has developed methods for efficient
capacity planning in spite of fuzzy load information. The methods were validated
using real data and an analysis of the methodology for its sociocultural conformity
and adaptability in a global company are being carried out.

Introduction

The topic of capacity planning is a partial project (D1) of the Collaborative
Research Centres (CRC) 871 ‘‘Regeneration of Complex Investment Goods’’.
Regeneration is the restoration, respective of the condition, of a complex invest-
ment good. Regeneration in this context is also known as ‘‘Maintenance, Repair
and Overhaul’’ (MRO). Complex investment goods, in the sense of this CRC, are
investment goods in which a high number of components stand in diverse,
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functional relations. For example, complex investment goods are machine tools,
wind energy equipment, aircraft engines, diesel locomotives, or stationary gas
turbines [1].

Motivation and Bases

Creating value through the regeneration of goods is only achieved when the
revenues earned through additional service life exceed the costs of all the regen-
eration work required [2]. However, planning regeneration maintenance suffers
from uncertainties about the future (Fig. 1) [3]. Because of their complexity, not
all repairs to goods can be precisely planned in advance. Furthermore, there is
uncertainty regarding the necessity for the replacement of excessively damaged
goods. The only information available is vague, which leads to challenges when
planning the regeneration capacity [4]. Consequently, in order to guarantee effi-
cient planning of capacities [5] with high on-time delivery and short turnaround
times, a forecast of the regeneration work required for complex capital goods
needs to be as precise as possible [6]. Combining a workload forecast with
capacity planning in the field of complex goods for regeneration has hardly been
studied scientifically and there are no approaches relevant to practice [5, 7]. That is
why a method for capacity planning and adjustment for regeneration processes has
been developed, which allows the maximization of target parameters despite fuzzy
information. The entire project was designated for a four-year duration and will be
completed in December of 2013 [8].

Generic Process Model

In the first step, a generic process model of regeneration regarding the corre-
sponding information localization was developed. On one hand, the required as
well as the available data and information in the corresponding process steps have
been identified. On the other hand, information that already contributes to the
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localization or determination of specific damages was considered in early phases
of regeneration and therefore gives considerable input for prompt capacity control.
It is assumed that at a later point of regeneration, concrete information replaces
information from earlier phases. In addition, the usage phase before the regener-
ation process was scrutinized concerning exploitable information [1].

Damage Library and Data Mining

The starting point for developing forecasts was a damage library in order to
concretize information for capacity planning [1, 8, 9]. Within the data mining
project, the damage library is used as a database. Bayesian Networks (Fig. 2) were
identified as the most suitable method to forecast expenditures for regenerating
complex investment goods despite uncertain load information [8, 9].

Whereas on one hand the information relating to the actual status of the
components is constantly increasing, on the other hand we see a decrease in the
capacity coordination options. Accordingly, capacity planning is carried out for
different time periods; we distinguish between long-, medium-, and short-term
planning. A Bayesian Network was developed for each planning horizon that takes
into account the subdivisions. Implementing Bayesian Networks in actual test
cases demonstrated that the generated forecasts for different levels could be pos-
itively evaluated (Table 1) [8, 9]. The forecasts of the Bayesian Networks have a
distinct advantage over the rigid comparative values of the industrial partner,
especially on the long- and short-term planning levels because current environ-
mental influences are taken into account quicker.

Regeneration workload
0 – 0.75 20%
0.75 – 1 30%
1 – 1.25 40%
> 1.25 10%

1.08 ± 0.45

Customer type
Type A 0%
Type B 100%

30%
35%
24%
11%

0.8 ± 0.2

Other 0%

Customer type
Type A 12%
Type B 78%
Other 10%

Capital goods version
Version 1 76%
Version 2 12%
Other 12%

Deployment region
Asia 55%
Europe 30%
Other 15%

Cost estimate 
0 – 0.5 21%
0.5 – 1 36%
1 – 1.5 43%

Input parameters

Output parameters

Change to para-
meters through 
knowledge input

Node

Edge

Fig. 2 Example of a
Bayesian Network
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The networks allow valid statements regarding the anticipated regeneration
expenditures to be drawn and can thus provide considerable support in planning
capacities. In addition, the forecasts can make previous estimates about regener-
ation expenditures more precise [8, 9].

Capacity Planning and Results

Using the forecasts as a guide, three mathematical models were developed to
determine the optimum labor force. The Long Term Model is a linear model,
which determines the optimum labor force for each month. In order to plan
appropriately for each month, the combination of in house and outside vendor
labor equals or exceeds the forecasted labor hours obtained from the Bayesian
Networks. The model maximized the target parameter, which in this case was
profit. Utilizing IBM’s ILOG CPLEX in conjunction with Microsoft Excel, a long-
term plant capacity model was created and the results are shown below in Fig. 3.

The output data shows the optimal number of in house and outside vendor labor
hours for each month in order to maximize profit over the course of a year. After
the results were calculated, they were tested in real time with an industry partner.

Table 1 Assessment and validation results of Bayesian Networks (BN) and planned values of
Industrial Partner (IP)

Planning Long-term planning Medium-term planning Short-term planning

Forecast BN IP BN IP BN IP
Absolute deviation [h] 540 840 570 600 174 295
Standard deviation [h] 420 720 390 480 124 173
More accurate forecast (%) 63.8 31.0 58.6 39.7 91.7 8.3

0

5.000

10.000

15.000

20.000

25.000

30.000

35.000

Ho
ur

s p
er

 M
on

th

Months

Op mal Labor Mix

Max Labor Hours Op mal in House Labor Hours
Forecasted Human Labor hours Outside Vendor Labor hours
Labor Hours Equivalent Holding Units Labor Hours Equivalent Penalty Units

Fig. 3 The optimal labor
mix for each month

184 S. C. Eickemeyer et al.



Validation and Outlook

At the moment, logistical performance parameters such as the throughput times
and the adherence to schedules of a regeneration area still need to be modelled and
established in simulation experiments so they can be validated using real data with
a cooperating partner. As the results of the past validations are very promising, it
has to be determined whether these results are transferable to other applications
and industrial plants in different countries with different products and cultures. To
accomplish this goal, a second evaluation is taking place in a subsidiary of the
cooperating partner in a different market environment.

Numerous studies show that the national cultures of a large number of nations
have an impact on the transferability of capacity planning with regard to the effects
on economics. For instance, both the study of Geert Hofstede [10] and the later
approached GLOBE (Global Leadership and Organizational Effectiveness
Research Program) study [11] identify cultural dimensions which are differently
shaped in cultural areas and which are able to explain differing leadership concepts
or the quality awareness of employees [12].

In addition to the national culture, both the size and age of a plant can influence
its receptiveness to changes. For example, employees at a plant that is part of a
new acquisition will probably react more suspiciously towards new processes and
changes than the employees of a newly founded joint venture with a local com-
pany [13].

Although there are efforts to establish process standards in multinational
companies to provide the same quality and products from every plant, there are
always variances, especially in the MRO business of complex capital goods. They
can be caused by a various number of reasons such as differences in plant size,
products, customer composition or repair capacities. All of these factors have to be
taken into account when transferring the regeneration workload forecast meth-
odology and the functional model for capacity planning. They influence input
parameters as well as considered limitations and bottlenecks. At the same time it is
important to achieve the objective with as little effort as possible.
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Machine Tool Thermal Errors Reduction
for 5-axis Machining of Aircraft Parts

Jerzy Jedrzejewski and Wojciech Kwasny

Abstract Problems connected with the reduction of thermal errors in the
controllable axes of 5-axis machining centres are discussed. A strategy for
improving machine tool thermal properties is proposed. The conditions for the
accurate holistic modelling, simulation and compensation of thermal errors in
controllable rotary axes for aircraft parts machining purposes are described.

Keywords Machine tool � Thermal error � Reduction � Compensation

Introduction

The aerospace industry needs highly efficient 5-axis machine tools for precise
machining. One of the major components of this efficiency is volumetric accuracy,
which is mainly determined by the thermal error. The reduction and compensation
of this error is intensively investigated by both research centres and the machine
tool producers themselves [1–3].

The primary role in improving machine tool thermal properties and reducing
errors is played by error identification through measurements [4, 5] and especially
through the accurate modelling and numerical simulation of error behaviour in the
normal machine tool operating conditions [6], taking into detailed account all the
interactions.
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Therefore the authors have focused their research on acquiring knowledge to
enable the holistic (integrated) modelling of the heat sources in the machine tool
structure to most faithfully render the actual power loss generation and heat
transfer processes taking place in the real machine tool and in its assemblies. Only
then the temperatures, deformations and thermal errors predicted by the holistic
model can be consistent with the ones occurring during machine tool operation,
especially in nonstationary states, and can be used to effectively improve the
thermal properties of machine tools, including 5-axis machining centres.

In order to achieve the highest possible effectiveness of improvement in thermal
properties one should use a strategy and the latest experimental and theoretical
knowledge, which is the focus of this paper. The presented models relating to
controllable axes are the result of research conducted by the authors and their team
for many years.

Strategy for Improving Thermal Properties of Machine
Tools

The consistent improvement of machine tools is vital for the effective reduction of
their thermal errors. The strategy for this improvement requires the latest theo-
retical and experimental knowledge. The latter should be based on possibly most
precise measurements of temperature, power losses, deformations and thermal
displacements. Also the effects of the machining environment and process, taking
into account their complexity, should be studied.

This is needed in order to create accurate calculation and error models and to
predict errors and precisely compensate them.

Some machine tool manufacturers (e.g. OKUMA) develop their own machine
tool thermal improvement strategies and achieve good results. The more complex
the machine tool structure, the more vital its consistent and comprehensive
improvement based on a proper strategy.

Modelling of Thermal Errors

In the holistic thermal model of the 5-axis HSC centre shown in Fig. 1, it is
particularly important to accurately model the bearing assemblies of the spindle
and of the whole electrospindle since it is in these assemblies that the largest and
highly variable heat sources are located. The contribution of this heat to the total
thermal error occurring between the table and the spindle tip may exceed 75 %.

For this purpose a mathematical model of power loss generation in the bearings,
taking into account all the interdependences between changes in temperature,
thermal changes in the dimensions of the spindle/electrospindle assembly
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components and the variable natural and forced heat transfer conditions, was
developed and validated [7, 8]. Figure 1 shows, besides the thermal errors gen-
erated in the drives of rotary controllable axes Z, C and A, also the errors in linear
axes X, Y and Z and the errors generated by the cutting process (the latter errors
are not discussed in the present paper). In the case of the 5-axis machining of
slender parts, e.g. aircraft engines, also the errors introduced by the production jig
in the process of positioning, supporting and fixing the parts should be included in

Fig. 1 Major heat sources in 5-axis vertical machining centre
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the proposed holistic error model. These are both thermal errors and errors gen-
erated by the forces exerted by the actuators.

A set of relations used in the modelling of power losses in controllable axes was
presented in [6]. For the 5-axis HSC centre this model has been significantly
refined in order to take into account the power loss generation and the heat transfer
specific for the rotational spindle speeds as high as 50,000 rpm. For this purpose it
was necessary to develop a shift model [9] for doing calculations on the basis of
the predicted (for a given spindle speed) high-speed bearing contact angles which
determine the forces acting on the rolling elements of the bearings. System SATO
(Fig. 2), previously used to model mainly machine tool assemblies and simple
structures of whole machine tools [10], has been developed by the authors for the
purposes of the efficient holistic modelling of machine tool spindle assemblies and
headstocks. The system is used to implement the holistic model shown in Fig. 1, in
the part relating to the generation of power loss variation, taking into account the
interdependences within the headstock structure and other rotational axes.

Fig. 2 General structure of SATO system
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SATO includes detailed algorithms for determining power losses in spindle
bearings, rolling, toothed and belt transmissions, motors and guides. It also
comprises accurate heat transmission models and models of spindle and its bearing
set behaviour under great centrifugal forces which occur at rotational speeds as
high as 50,000 rpm.

The SATO structure incorporates the hybrid FEM and FDM modelling of
spindle assemblies, mathematical models of the natural generation of power losses
in heat sources of different kind, and detailed procedures specifying heat transfer
depending on the geometric structures. As a result, the system enables the holistic
modelling of the particular machine tool modules.

Also the tilting table motion drives are considerable sources of thermal errors in
the 5-axis machining centre.

A general thermal model and an algorithm for computing temperatures and
displacements in rotation axis A and C of the centre’s tilting table are shown in
Fig. 3 [11]. The algorithm is based on the catalogue specifications relating to

Fig. 3 Algorithm computing power losses and temperature in torque motors for temperature
resolution and displacement estimation
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direct high-torque motors, winding resistance–temperature dependencies, motor
coolant heat transfer coefficients and the heat capacity and surface area of the table
components transferring heat to the environment. Thermal errors are reduced
mainly by reducing power losses and through the forced cooling of the closed
spaces (within the range of heat source action) in housings and through the
thermosymmetric machine tool design.

Power losses in high-speed (rolling bearing) friction nodes are reduced by
maintaining a minimum lubricant film thickness enabling elastohydrodynamic
lubrication using air-oil lubrication systems and the latest lubrication systems:
MQGS (Minimum Quantity of Grease Supply) and MQCJ (Minimum Quantity
and Cooling Jet) [12, 13]. The latter system combines lean lubrication of the
bearing with its intensive cooling whereby very high high-speed coefficients, as
high as DmN = 5 9 106, can be used, which is unachievable in the case of other
bearing lubrication methods.

A significant reduction in thermal errors can also be achieved by reducing to
minimum the running time of the drives in accordance with the JIT rule quoted
above. It is also essential to insulate the machine tool’s load-bearing components
from the heat generated in the drives in the course of machining. Undoubtedly
numerical analyses based on accurate heat generation, distribution and exchange
models can help to reduce machine tool thermal errors.

Scientific Result

The work on the holistic model led to the forecasting of the thermal error (spindle
tip displacement relative to the table) made up of the errors arising in the head-
stock and in tilting table axes A and C, and the thermal elongations of the load-
bearing structure. In order to compare the predicted thermal error values with the
measured ones it was necessary to add the abrupt change in spindle position caused

Fig. 4 Results of thermal deformation 5 axis machining centre and spindle shift calculations for
50,000 rpm (a), experimental verification of total spindle displacement relative to table in
thermally steady states against displacements for other spindle rotational speeds (b)
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by shift, predicted by the model described in [9], to the thermal error. For the
example shown in Fig. 4 the error in direction Z, determined from the measure-
ment curve amounts to about 116 lm after 3 h of work at 50,000 rpm while the
one predicted using the holistic model amounts to 113 lm.

This means that the model satisfies the accuracy requirements for the simula-
tion, analysis and improvement of the thermal properties of the precision 5-axis
machining centres used in the aerospace industry.

Compensation of Thermal Errors

The compensation of thermal errors is undoubtedly the cheapest way of reducing
their effect on machining precision. Hence it is the subject of intensive research
focusing on the identification of the errors through measurements, and their
modelling. In the case of spindle assemblies, axial thermal errors and shift add up.
At a rotational speed of 50,000 rpm shift may exceed 35 % of the total spindle
displacement. It is always the sum of the errors, one being the function of the
machine tool thermal state (temperature) and the other being the function of the
spindle rotational speed, which is measured. In order to develop an accurate
compensation function the measured quantities need to be separated and the

Fig. 5 Experimentally identified and predicted high-speed machining centre spindle displace-
ments and theoretical compensation results
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correction should be conditioned on two parameters: the thermal state and rota-
tional speed of the spindle. An example of such compensation is shown in Fig. 5.

Figure 5 shows predictions of compensation in axis Z for a 5-axis centre with
the maximum rotational spindle speed of 45,000 rpm. Each of the curves repre-
sents the sum of thermal displacement and shift, but because of the high rotational
spindle speeds, the character of the curves is not exclusively thermal. The error
after compensation does not exceed 20 % of the value measured before com-
pensation (about 20 lm). At low rotational speeds (\20,000 rpm) the percentage
of shift is small whereby the displacement curves have a character of typical
thermal curves.

In order to obtain very small spindle displacement errors (\10 %) without
compensation the machine tool assemblies need to be intensively cooled. It is also
possible to take into account the thermal error component resulting from changes
in ambient temperature, as an additional component of the compensation functions
discussed above or through a separate compensation function (the leading machine
tool manufacturers have already adopted the latter solution).

Conclusions

The modelling of thermal errors significantly contributes to the knowledge of their
behaviour in the machine tool operating conditions. Errors in spindle rotation axis
Z and tilting table axis C can be effectively modelled. Modelling errors in the
whole machine tool workspace and the accurate experimental verification of such
models are still difficult.

In the case of highly efficient high-speed milling centres, the accurate com-
pensation of thermal errors still needs to be improved.

This paper has shown that it makes sense to holistically model the thermal
errors of 5-axis HSC centres which in order to machine aircraft parts must meet
rigorous precision requirements. The holistic model needs to be fine-tuned and
extended to cover all the components of the HSC centre thermal error.
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Recycling of Aluminum Chips
by Hot Extrusion

Matthias Haase, Andreas Jäger and A. Erman Tekkaya

Introduction

The production of primary aluminum by processing bauxite is one of the most
energy intense processes of metal production. The energy required for the pro-
duction of one ton of aluminum (168 GJ/t) requires almost ten times the energy
required for the production of one ton of steel (20 GJ/t) [5, 6]. By using secondary
aluminum, produced by recycling aluminum scrap, the energy requirement can be
reduced by up to 94 % [2]. Considering the development of the global aluminum
production (see Table 1), the use of secondary aluminum has a high potential for
saving energy and therefore energy costs.

One approach of further reducing the energy demand for the production of
aluminum products is the direct recycling of aluminum scrap by forming pro-
cesses. Here, the energy intense melting process for the production of secondary
aluminum can be avoided. One example of this approach is the direct hot extrusion
of aluminum machining chips.

Hot Extrusion of Aluminum Machining Chips

The conventional process of hot extrusion is used for the production of semi-
finished aluminum profiles (extrudates). The shape of the extrudates can reach
from simple bars to complex multi-hollow geometries [1]. The basic process
principle of hot extrusion is shown in Fig. 1.

In conventional hot extrusion, a preheated billet (350–550 �C) is inserted into
the container of the extrusion press and pushed by a moving ram through the die
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orifice, which determines the geometry of the extrudate. For the extrusion of
aluminum machining chips, the basic process principle is extended by the pro-
cessing of the chips, as shown in Fig. 2.

In the first step, the machining chips are cleaned from remaining lubricants by
thermal or chemical treatment. In the second step, the chips are compacted on a
hydraulic press to chip-based billets usable for hot extrusion. To homogenize the
material, the chip-based billets are preheated in a third step prior to extrusion.
Finally, the chip-based billets are hot extruded to produce chip-based extrudates.

Results

To evaluate the mechanical properties of chip-based extrudates, lubricant-free
AA6060 aluminum alloy machining chips were compacted and hot extruded. As a
reference, conventional cast billets of the same alloy were also extruded. The chips

Fig. 1 Process principle of hot extrusion

Table 1 Development of the global aluminum production [3, 7]

Aluminum production 1970 1980 1990 2000 2010 Est. 2030

Primary (in Mio t) 10.3 16.1 19.4 24.5 41.2 26–28
Secondary (in Mio t) 2.3 3.7 6.1 8.4 8.4 22–24

Fig. 2 Process principle of hot extrudates [4]
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were compacted with a force of 500 kN in a steel tube with an inner diameter of
60 mm to chip-based billets. The density of the chip-based billets was 80 %
compared to the density of cast aluminum. The chip-based and the cast billets were
homogenized for 6 h at 550 �C in an electrical furnace prior to the extrusion.
Figure 3 shows the resulting microstructure and the measured hardness values of
the billets before and after homogenization.

The microstructure of the cast billets did not significantly change due to the
homogenization. However, the microstructure of the chip-based billet changes
from severely deformed grains to homogeneous fine grains after homogenization.
This can be related to recrystallization processes initiated by the high amount of
strain imposed on the material during machining. As the microstructure strongly
influences the mechanical properties of the material, the Vickers hardness was
measured before and after homogenization of the billets. Before homogenization,
the hardness of chip-based extrudates is higher compared to the hardness of the
cast billets, which can be related to the work hardening of the chips during
machining. After homogenization, the hardness of the chip-based billets remains
higher compared to the hardness of the cast billets, which is due to the smaller
average grain size of the chip-based billet.

After homogenization, the chip-based and cast billets were extruded on a
2.5 MN direct extrusion press (Collin LPA250t) at 550 �C to solid rectangular
profiles with a 20 mm 9 5 mm geometry. The extrusion ratio, the ratio between
the cross section of the extrudate and the cross section of the container of the
extrusion press, was R = 34. The ram speed was kept constant at 1 mm/s. Three
different dies were used for the extrusion trials. The first die is a flat-face die
conventionally used for the extrusion of solid section profiles. The second die is a
porthole die, which is conventionally used to produce hollow profiles. By
removing the mandrel, the die can be used for the production of solid sections. The
third die is an experimental extrusion die based on a concept of Estrin et al. [2],
which integrates the process of ECAP into the process of hot extrusion. In this
integrated extrusion and ECAP die (iECAP die), the material is pressed around
defined angles inside the die. The last two die concepts aim on increasing the shear

Fig. 3 Microstructure and hardness of chip-based and cast billets before and after
homogenization
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and pressure affecting the chip-based billets and therefore to increase the welding
quality between the individual chips. The three tools are shown in Fig. 4.

Independent of the die concept, the extrusion of chip-based billets led in all
cases to profiles without visible surface defects. To investigate the mechanical
properties of chip-based extrudates and extruded cast billets depending on the
extrusion die, tensile tests were conducted (see Fig. 5).

Four tensile tests for each alignment were conducted in accordance with EN
ISO 6892-1:2009 at room temperature with a constant strain rate of
2.5 9 10-3 s-1. The standard deviation for chip-based and cast billets was in all
cases below 12 and 7 MPa for the ultimate tensile strength and below 4 and 2 %
for the uniform elongation, respectively. The results show that the tensile strength
of extruded cast billets is, depending on the extrusion die, up to 12 % higher
compared to the tensile strength of chip-based extrudates. For the chip-based
extrudates, the highest tensile strength is achieved by using the iECAP die. It is
evident that the ductility of the extrudates depends more significantly on the die
used for the extrusion compared to the tensile strength. For the extruded cast
billets, an increase in uniform elongation of 75 and 99 % was achieved by
changing the extrusion die from the flat-face die to the porthole die and to the
iECAP die, respectively. For the chip-based extrudates, the increase in uniform
elongation was 97 and 131 %, respectively.

Fig. 4 Three different die concepts for chip extrusion

Fig. 5 Tensile test results for
different extrusion dies
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Conclusion and Outlook

The direct recycling of aluminum machining chips by hot extrusion is a promising
approach to increase the energy efficiency of aluminum recycling. With an
appropriate die design, it is possible to produce chip-based extrudates with
mechanical properties comparable to extruded cast billets. The ductility of the
extrudates depends on the extrusion die design, while their strength was not sig-
nificantly affected. In future works, the production of finished products by cold
extrusion of the chip-based extrudates is investigated.
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