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Abstract

Thin-walled components, i.e. fuselage frames of airplanes, are prone to an unstable process behavior during milling. Therefore, tools with a
chamfer between the cutting edge and the flank face are often used for such machining tasks. During milling, the chamfered area comes into
contact with the just cut surface. This contact leads to process damping forces and the induced heat into the workpiece in this contact zone is
increased. Furthermore, the amount of induced heat depends on the process parameters. At certain spots on the machined surface this may lead
to a local overheating, which can reduce stiffness significantly. When this occurs during milling of a thin-walled component, the component is
often regarded as reject. In this paper, the influence of chamfers and process parameters on the induced heat into the workpiece is investigated
experimentally. In addition, a simulation which predict the temperature in the workpiece in dependence of the process parameters is presented.
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1.Introduction

The aircraft manufacturer Airbus forecasts that the
worldwide air traffic will double in the next 15 years which
leads to a demand of more than 30,000 new aircrafts [1].
Modern aircrafts are designed in order to maximize energy
efficiency by low weight. Therefore, the structure components
are designed with minimal residual material thickness as low
as 1 to 2 mm and maximum rigidity. These complex shaped
parts are up to 14 m long and typically manufactured from
rolled aluminum plates or near-net-shape extruded aluminum
profiles. The chosen materials are difficult to machine and
challenging for the machining process like distortions.

Thin-walled workpieces have a high compliance, and thus,
compared to more solid workpieces, self-excited vibrations
may occur more easily during machining [2]. The dynamic
displacement between the tool and the workpiece leads to a
variation of the chip thickness and a wavy workpiece surface.
This phenomenon is known as the regenerative effect [3].
Andrew and Tobias stated that if with every following cut the
amplitude of the chip thickness is increasing due to the

regenerative effect, the machining process becomes unstable
[4]. Tools with cutting edges, which have chamfers on their
flank face, are used to increase the process stability [5]. This
chamfered areas come into contact with the just cut wavy
surface of the workpiece leading to an additional force
component known as process damping forces [6]. However,
this additional contact also has an influence on heat generation.
Itis to be expected that this is critical for aluminum alloys with
increased tendency for soft spots. These thermal induced
structural changes of the material texture lead to a reduced
stiffness in the border area of the material [7]. Several
experimental investigations showed that this effect could occur
in cutting processes [8]. For the detailed simulation and
analysis of thermal effects in machining processes, the finite
difference method is an approved method [9].

2.Approach
In this paper, experiments to investigate process stability and

heat generation when milling thin-walled workpieces are
carried out. An end mill with sharp and chamfered cutting
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edges, is examined in order to analyze differences in heat
generation and stability due to the different cutting edge shape.
The simulation approach is based on a 2D-sectional view of
workpiece and process. Therefore the workpiece is sliced
horizontal at half cutting depth. For the determination of the
heat input an inverse method was used.

3.Experimental investigations & simulation
3.1.Experimental setup

For the investigation of the influence of chamfered cutting
edges on process stability and heat generation, the setup shown
in Fig. 1 is used. The workpiece is a small part of a frame with
a thickness of 2 mm. A force plate is used to analyze the cutting
forces and process stability respectively. The workpiece
material is Al-Li 2196, which is commonly used in aerospace
applications. A thermal imaging camera is used to measure the
heat development on the backside of the workpiece. For a more
accurate temperature measurement, the backside is coated with

an emissivitz spray. -
machine tool: Heller MCi16 |

Gra/77858 @ IFW

thermal imaging camera:
'Tesgngaﬁ

tooth pitch p =[100°, 80°]
chamfer parameters:
width b = 0.2 mm
angle o5 =1°

force p!ate : Kistler 92578 workpiece: Al-Li 2196
(frame thickness: 2 mm)

_ ed emissivity spray
onto backside of workpiece

Fig. 1. Experimental configuration

Two similar end mills are used for the experiments. One has
sharp cutting edges and the other one has chamfered cutting
edges. The chamfer specific values have been chosen based on
the experiments by Sellmeier and Denkena [5].

During the milling operation, the axial and radial depth of cut
ap and &, respectively, have constant values (see Table 1). The
spindle speed n and feed per tooth f, were varied to investigate
the influence on stability and heat development.

Table 1: Experimental process parameters

process parameter values

spindle speed n [1,000 ... 10,000] min‘
feed per tooth f, [0.08 ... 0.3] mm

axial depth of cut a, 25 mm

radial depth of cut a. 1 mm

milling direction down milling

coolant none

3.2.9mulation

The process is simulated by a finite difference method. For the
calculation of the heat flux, the domain of the method was
divided into cubic elements with an edge length of the feed per
tooth £. Every element of the domain has several properties
which can be defined global if they are homogeneous or local
if they are inhomogeneous.

Table 2: Element properties of the simulation model

homogeneous properties inhomogeneous properties

heat quantity [J]
material removal [-]
temperature 7'[K]

edge length dx[mm]

thermal conductivity A [W/mmK]

mass m [kg]

specific heat capacity ¢, [J/kgK]
The heat flux properties are homogeneous. The domain is
discretized cubical. Therefore, the local heat quantity of the
elements can be stored as matrix ¢. The local temperature 7can
be calculated by the local heat quantity and the specific
material properties. An additional matrix 4 of identical size is
used to model the material removal during the process. This
matrix is binary-coded to take into account whether there is
material or not (Fig. 2).

heat | v material
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Fig. 2. Domain with single heat and material cell

Based on this description, the heat difference 4¢i; for every
element can be calculated by equation 1. The heat difference is
depending on the properties of the neighboring elements and

the time of a simulation step 4t
\ A-dx
—Qu |- ——-at (1)

] ([Q1s]
A 104y ;1
A = I l+1,]| . I l+1,j|
Qz,; i,j lAi'j_lJ Qi'j_lJ ) cprm
Aij \ Qi j+1 /
Solving this equation for the whole domain, the heat flux in the
sliced workpiece can be calculated. The simulation step time 4¢

is a fraction of the time for a tool rotation. This allows to
consider the effect of heat input and propagation for every
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single tooth engagement. To model the material removal by the
process, the matrix 4 is recoded binary and the heat quantities
of the removed elements from matrix ¢ are deleted. Therefore,
the rotational movement of the cutting edge is approximated on
the grid of the domain. For every rotation of the tool, the
approximated movement of the edge is shifted by the feed per
tooth £ in the feed direction and the machined material is
removed from the domain.

The heat input is modeled by a mathematical description of the
process. For the localization of the heat input, the movement of
the cutting edge is approximated. In one simulation step of the
tool rotation, the generated heat is added to the elements of the
Matrix @ next to the approximated cutting edge. Further, the
heat flux in the workpiece is calculated until the next cutting
edge engagement is reached (Fig. 3).

I <=

+

Fig. 3. Approximated material removal and heat input

After the simulation of the whole process the temperature at the
measured surface is extracted from the simulation. An inverse
method was used for the determination of the heat input.
Therefore the temperature distribution at the measured surface
is compared to the simulated temperatures. The heat input of
the simulation is varied until measured and simulated
temperatures coincides.

4.Results
4.1.Process stability
Fig. 4 shows the resulting chatter amplitude Ac in the frequency

domain if chatter occurred. At the top diagram, the spindle
speed is constant and the feed per tooth is varied.
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Fig. 4. Intensity of chatter vibrations

The bottom diagram has a constant feed per tooth and varying
spindle speeds. For all investigated sets of process parameters,
the end mill with chamfered cutting edges always led to a stable
cutting operation. Thus, the amplitude is always zero. For the
tool with a sharp cutting edge, the process was unstable in most
cases. On the resulting finish surface, the difference are even
more obvious (Fig. 5). It also shows that the process for the end
mill with sharp cutting edges is stable at the beginning, but
becomes unstable at some point during the process like in the
most investigated milling operations.

sharp cutting edges: - Vi
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Fig. 5. Comparison of surface finish (n = 6,000 min, f, = 0.08 mm)

4.2 Heat generation

The black covered area, as seen in Fig. 1, is approx. 5,000 mma2.
Based on the resolution of the thermal imaging camera and the
distance to the workpiece, this area equals approx. 5,000 pixels.
Thus, for every frame 5,000 temperature spots are measured.
This means that in one second, considering a frame rate of
30 fps, 150,000 temperature spots are measured.

For the heat evaluation the main value of the 1,000 highest
measured temperature spots was calculated for all investigated
process parameters (Fig. 6). For the end mill with sharp cutting
edges, the maximum temperature is below 100°C for all
experiments. For the end mill with chamfered cutting edges,
the maximum temperature values are much higher. This is an
effect of the increased contact of the chamfered flank face and
the wavy just cut workpiece surface. The induced additional
force is obviously transformed into heat. The lower diagram in
Fig. 6 shows that for low spindle speeds the maximum
temperature is greatly reduced in comparison to higher spindle
speeds, as might be expected. However, for the highest
investigated spindle speeds at 8,000 min* and 10,000 min™ a
slight temperature decrease can be observed. A possible
explanation is that the contact between the chamfered flank
face and the wavy surface depends on the length and amplitude
of the sinusoidal waviness. High spindle speeds increase the
wavelength, which leads to a decreased contact between tool
and workpiece in the chamfer area [6].

The influence of the feed per tooth is shown in the upper
diagram of Fig. 6. For the tool with chamfered flank faces, a
tendency of a decreasing maximum temperature with
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increasing feed per tooth values can be observed. With higher
£, less heat can be transferred at the corresponding position
spot, thus temperature decreases. The fluctuations of the
maximum temperature in the diagram might be caused by
different contact conditions between the wavy surface and the
chamfered area. Additional experiments are required for a more
accurate analysis. Generally, it can be stated that high feed per
tooth is required when machining with chamfered cutting edges
in order to reduce the risk of the emergence of soft spots.
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Fig. 6. Highest measured temperatures during experiments (max.: 300°C)

For a detailed investigation of the temperature distribution in
the workpiece, simulations of selected processes were carried
out. Fig. 7 shows the temperature distribution at different time
steps (t1 - t7) of a representative process. Initially, the
temperatures in the workpiece are low. Due to the heat input
and heat buildup in the direction of the feed, the temperatures
rises until a steady state around the tool is reached. Further, it
can be seen that the temperature difference between the
machined side and the back side of the workpiece are low.
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Fig. 7. Simulated temperature distribution in sliced workpiece (chamfered
tool, f,=0.18 mm, n = 4,000 min™)

Additionally, Fig. 8 shows the comparison of several time
dependent maximum temperatures of the workpiece. The
measured and simulated temperatures correlate well. Only a
temperature peak at the end of the process is not reached in the
simulation. The comparison of temperatures at the machined
and the backside of the workpiece show that the temperature
difference in the thin wall is low. Only directly after the tool
engagement, the temperature at the machined side of the

workpiece is about 70°C higher. Until the beginning of the next
tool engagement this temperature difference is balanced.
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Fig. 8. Maximum temperature (chamfered tool, f, = 0.18 mm, n = 4,000 min*)
5.Conclusion

In the present research, the influence of chamfered cutting
edges on stability and heat generation was investigated. It was
shown that chamfered cutting edges in comparison to sharp
cutting edges increase stability in milling of thin-walled
workpieces. However, compared to sharp cutting edges,
chamfered cutting edges have a much higher heat generation in
the workpiece. For aluminum alloys, this yields a risk of soft
spot forming. It was shown that by increasing the feed per tooth
the maximum temperature in the workpiece could be reduced.
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