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Abstract

Using additive manufacturing (AM) technologies such as powder bed based selective laser melting, it is possible to realize new
bionic designs for Ti6Al4V aerospace components, thus significantly reducing weight. With these technologies, the goals of
reducing emissions in the aviation industry can be achieved while passenger numbers are growing at the same time. In order to
fulfill the quality requirements of the components, the AM process chain includes many further process steps in addition to

melting, such as heat treatment.

Furthermore, the functional surfaces must be machined and the support structures removed. These are essential for selective laser
melting. The paper shows how the deflection of the workpiece can be minimized by milling thin-walled functional surfaces using
a clamping device with support points. This increases the geometric accuracy considerably.

Finally, the paper shows the results for milling support structures. The design of the support structure has a high effect on the
machining behavior. Finally, results are presented that show the influence of different milling strategies on the surface quality of

AM components, considering the support structures.
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1. Introduction

According to forecasts on the long-term growth potential of
the aviation industry, it can be assumed that 14,210 aircraft will
have to be replaced and that an additional 25,000 aircraft will
be needed within the next 20 years. This results in a demand of
39,210 new aircrafts. This high demand can be attributed to
annual growth rates of 4.3% in the aviation sector [1].

Due to this growth and increasing environmental standards,
various government aviation programs such as ACARE 2020
[2] or Flightpath 2050 [3] require significant savings in fuel
consumption and reduction of emissions such as CO; or NOx
for the current aviation industry.

Achieving these goals requires the use of new technologies
such as additive manufacturing (AM). AM can be used to
bionically optimize the topology of aviation components,
which reduces the weight of the components [4]. Here,
numerical calculations are used to determine the part volume
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from a given design space that is of structural relevance [5]. In
addition, complex assemblies can be combined to one
component [6]. Powder bed based selective laser melting
(SLM) is already an established AM technology for series
production. Here, the material is melted layer by layer, so that
the component is formed [7, 8].

Compared to laser metal deposition (LMD) components [9],
SLM components have a higher dimensional accuracy and
surface quality. Nevertheless, both components need
machining for surfaces that require high accuracy. Fig. 1 shows
further necessary process steps for SLM components. These are
required to use the components in the aircraft. After SLM, heat
treatment is usually carried out by stress relief annealing and
hot isostatic pressing. This reduces thermal stresses and pores
in the SLM components [10, 11, 12]. In addition, the AM semi-
finished component has to be machined. Only then does the
component surface fulfill the quality requirements of functional
surfaces [13, 14, 15, 16]. Due to the low surface quality after
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melting, the AM components also show a very low fatigue
strength, which can be significantly increased by machining
[11].

A challenge is the removal of support structures during post-
processing. These are essential for selective laser melting. The
supporting structures have the task of dissipating the heat. In
addition, the support structures ensure geometric accuracy.
Without support structures, the components would sink into the
powder on overhanging geometries [17].

Another challenge is the machining of thin-walled
structures. In order to keep the costs of selective laser melting
low, AM components are usually designed with thin walls.
These thin-walled components require special post-processing
strategies in order to avoid bending [18, 19, 20] and distortion
due to residual stresses [21] and thus ensure a high surface
quality.
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Figure 1 AM process chain [22, 23]
2. Milling thin-walled structures

Deviations occur on the workpiece surface during milling,
because the workpiece deflects due to the cutting forces. Using
an exemplary circumferential milling process, the following
results show how deflection can be reduced during the
machining of thin-walled AM components, like SLM
workpieces, with a clamping device.

2.1. Process cycle of circumferential milling

Fig. 2 shows a typical process sequence for circumferential
milling of a thin-walled SLM workpiece. The workpiece is
machined with two infeeds (ap1, ap2). The two infeeds are
necessary because often the cutting length 1, is shorter than the
milling surface. The test workpiece has a thin-walled, strongly
overhanging (H) T-Geometry. This T-Geometry represents the
conditions of thin-walled SLM series structural components in
the aerospace industry.

In the first machining step, the upper surface of the
workpiece is milled (I. 1st Machining step). Due to the
machining strategy and the engagement conditions, the
machining forces act on the workpiece with a very large lever
arm. This results in a strong bending moment with deflection
of the workpiece. After this first machining step, a strong form
deviation of the surface becomes clear. Despite milling with a

cylindrical tool, the surface shows an oblique shape deviation
(II. Deflection). The further the workpiece overhangs, the more
material remains unmachined. The reason for this is that the
areas to be milled are pushed away in front of the cutting edge
and therefore no machining of the material takes place.

Afterwards the milling is done with a second machining step
(IIL. 2nd Machining step). Now the remaining lower machining
surface is milled. The machining forces act on the workpiece
with a low lever arm, so that a low bending moment with low
deflection of the workpiece occurs. Due to the now very low
workpiece deflection, the surface of the workpiece is milled
with low roughness and low geometrical deviation.

However, as can be seen on the surface, a step is milled in
the workpiece surface (IV. Surface deformation). The step is
created due to the shorter cutting length 1, of the tool compared
to the height of the workpiece and is thus formed at the end of
the cutting length. The step occurs in the area in which material
was not milled in the first process step (I. 1st Machining Step)
due to deflection. The height of the step is therefore a good
indicator of the deflection of the workpiece during the post-
processing of thin-walled structures.
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Figure 2 Process steps for finish milling thin-walled SLM components

2.2. Experimental methods, material and tool

The experimental setup used on the Heller MC12 machining
center is shown in Fig. 3. A solid carbide end mill with number
of'teeth z =4 and diameter d = 12 mm was used as milling tool.
The end mill had a cutting length of 1, = 24 mm. Ti6AI4V
workpieces with a height H = 35 mm and a length L = 60 mm
were used for milling. In the initial state, the workpieces had a
thickness of t = 7 mm. As described in the process cycle, the
surface was machined with two cutting depths a, = ap = 16
mm and an engagement width a. = 0.2 mm. After one
machining cycle, the tactile measurement of the surface was
carried out with the measuring device MahrSurf XR 20. The
machining was then repeated so that the thickness of the
workpiece was continuously reduced after each machining
cycle. For measuring certainty, each test was repeated twice.

In comparison, a clamping device with high stiffness was
used. The clamping device can be used to provide additional
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support for the workpiece so that various clamping situations
can be simulated. With the clamping device, only one side of
the workpiece can be machined. To machine the other side, the
workpiece must be turned over and re-clamped. For complete
machining from both sides, the clamping device must be
redesigned or another finishing strategy such as
electrochemical polishing [24] is required. The occurring loads
which cause a deflection at the workpiece were determined in
previous milling tests. By analytical calculations of the bending
line, a design of the clamping device could be identified.
Especially overhanging workpiece geometries should be
supported.

Furthermore, a Kistler 9257B dynamometer with which the
process forces were measured was implemented in the setup.
The raw signal was measured with the Kistler 5019B multi-
channel charge amplifier. The sampling rate was 6 kHz using a
low-pass filter of 2 kHz. The signal was then filtered with the
smooth filter in MATLAB. Both signals are shown below.

The acceleration was measured with a triaxial accelerometer
type PCB W356A03. The vibration of the workpiece was
measured using a frequency of 51.2 kHz. The sensor was
attached to the surface of the workpiece with wax on the back.

Experimental setup Surface measurement
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Figure 3 Experimental setup in the machining center for milling thin-walled
structures

2.3. Results and discussion - Influence of the clamping device
on the machining of thin workpieces

Fig. 4 shows the feed forces in the upper diagram and the
shape of the workpiece surface in the lower diagram after
several machining cycles for a final workpiece with a wall
thickness of t = 2 mm. The final workpiece with a material
thickness of t = 2 mm is very comparable to typical wall
thicknesses of final structural SLM components which are used
in airplanes. First, the results are displayed without additional
support of the clamping device for the overhanging thin
workpiece. The diagram with the process forces clearly shows
the two machining areas along the processing time, which
represent the two cutting depths a,. The first force profile
symbolizes the milling of the upper surface (a,) on the
workpiece and the second force profile symbolizes the
machining of the lower surface (a).

When milling the upper surface (ap1), the average feed force
is Fr=61.1N and the average normal feed force is
Fi =106.1 N. These values increase slightly when milling the
lower surface. Now the average feed force is Fr=85.9 N and
the average feed normal force is F, = 131.5 N.

As already described for the process cycle, this is due to the
fact that the workpiece is very strongly deformed during
machining in the first process step. The material is not
machined because it is pushed away in front of the cutting edge.
When machining the lower surface, less deformation occurs
due to the smaller overhang, so that more material is machined
and a higher force level is achieved.

In addition, it is noticeable that the forces for both areas are
not constant, they show a rising and falling trend. This suggests
that the workpiece is also deformed at the start and end of
milling. Especially at the beginning and at the end the
workpiece is very unstable. In addition, the high vibration
amplitude in the second process step is noticeable. This is due
to a vibration of the workpiece due to the high overhanging
length.
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Figure 4 Machining behavior during machining without clamping device

The diagram below shows the surface after several process
cycles with the final material wall thickness of t =2 mm. The
grey surface symbolizes the workpiece body in section and the
black line indicates the workpiece contour. At a workpiece
height H = 0 mm, the workpiece is firmly clamped to the
dynamometer. At a workpiece height of H = 32 mm, the outer
workpiece edge is presented. Due to the process cycle
described in the previous chapter, with milling of the two
machining surfaces in two cutting depths a,, the step results in
the height of x = 0.056 mm. In addition, the unmachined
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material is clearly visible at high workpiece height, which was
not machined due to the deflection of the workpiece.

Fig. 5 again shows the process forces for a workpiece with
a wall thickness t = 2 mm in the upper diagram and the
machined surface in the lower diagram. The workpiece was
machined by milling over several cycles. Now, the results are
displayed with additional support of the clamping device for
the overhanging thin workpiece. The workpiece is supported at
four points. The support points are located on the opposite
workpiece surface of the milling operation. Once again,
circumferential milling takes place in two cutting depths (ap1,
apy). First of all, it is noticeable that the force levels for both
areas are very similar. From this it can be concluded that the
milling behavior is very uniform and that the support prevents
the workpiece from deflecting away.

In addition, the forces within a process step are very
constant, so that no deformation of the workpiece occurs even
at milling start and milling end. The noise of the forces is now
also very low in the second process cycle (a,2), so that a very
low vibration of the workpiece due to the back support can be
assumed. The good milling behavior resulting from the support
also shows a very good surface with little deflection. The step
resulting from the cutting length and the two cutting depths
(ap1, ap2) at a workpiece height H = 24 mm has almost
disappeared. Furthermore, it is clearly evident that even with a
high workpiece height H only a very small form deviation
occurs due to the deflection of the workpiece.
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Figure 5 Influence of clamping device on forces and workpiece deflection

In-process measurement of workpiece displacement is
challenging. For example, the use of laser triangulation sensors
is difficult due to the use of emulsion. However, the influence

of the clamping device on the vibration could be measured by
using an accelerometer. In Fig. 6, the vibration signals with and
without clamping device are directly compared. It can be seen
that with support of the clamping device, the amplitude of the
acceleration is much higher than without clamping device. As
a result, the support of the clamping device has significantly
reduced vibrations.

It can be concluded that suitable clamping systems for SLM
workpieces can significantly improve the milling behavior and
thus the geometric accuracy of thin-walled workpieces.
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Figure 6 Influence of the clamping device on vibration
3. Milling of support structures

According to the current state of the art, the support
structures are usually removed manually. For series production
of SLM components, automated removal of the support
structures is essential. One approach is milling the support
structures, comparable to rough milling. So far, many force
models exist for the machining of solid material [25, 26].
However, there is little knowledge about the influence of
different support structure designs on the milling process.

3.1. Support structure geometries

Fig. 7 shows various geometries. These are typical Ti6Al4V
support structure geometries. In addition, the supporting
structures are shown schematically in cross-section. The
support structure of type A is a hollow geometry composed of
square columns which are perforated. The geometry of support
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structure type B are bent, solid columns. The type C support
structure is a solid support structure used to create strong
support on critical overhangs. In addition, support structure
type C has a wavy geometry in xy-direction to further increase
the stiffness.

For comparability, the material volume fractions of the
support structures are taken into account. The machining by
circumferential milling is carried out with a cutting depth of
ap, =8 mm. Fig. 7 shows the cross-section of the support
structure which is proportional to this cutting depth and which
is in contact with the tool. With regard to the cutting depth, type
A and type B have the same very low material volume fraction.
Type C has a high material volume fraction for a support
structure due to the high thickness of the support structure
without perforation.
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a,=8mm
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Type B
8%
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Figure 7 Geometry of the support structure with the corresponding material
volume fraction related to the cutting depth a,

3.2. Experimental methods, material and tool

The experimental setup is shown in Fig 8. The support
structure was milled by circumferential milling with a cutting
depth of a, = 8 mm. For support structure type C, the cutting
depth corresponded to the thickness of the support structure
(ap =2 mm).

A solid carbide tool with number of teeth z = 4 and diameter
d=8 mm was used. Due to the geometry of the support
structure, a variable engagement width a. is assumed, because
there is a discontinuous contact to the support structure at the
circumference of the tool [14].

During milling, the forces were measured using a
dynamometer. Once again, the measurement was carried out
using a Kistler 5019B multi-channel charge amplifier with a
sampling rate of 6 kHz and a low-pass filter of 2 kHz. The feed

rate and therefore the feed force was in the direction of the x-
force of the dynamometer. In addition, each test was repeated
three times.

The MahrSurf XR20 device was used to measure roughness.
The measurement was carried out with a tactile sensor, which
had a radius of 2 pm and a tip made of diamond. For each
surface, 10 roughness measurements were carried out and the
evaluation was done in accordance to ISO 4287.
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Nm = structure
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Tool

Workpiece

Figure 8 Experimental setup in the machine center Heller MC12 for milling
support structures

3.3. Results and discussion - Influence of the support
structure geometry on the milling forces and influence of the
milling strategy on the surface quality

The feed forces which occur during circumferential milling
of the various support structures are shown in Fig. 9. First, it is
noticeable that the mean level of forces for type A and type B
are significantly lower than the forces for type C. This is the
result of the different material volume fractions. Because of the
higher material volume fraction in type C, the metal removal
rate is higher, resulting in the higher average force level.
Furthermore, it is noticeable that the forces of type A and
type B oscillate very strongly. This is caused by the geometry.
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Figure 9 Influence of different support structure geometries on the feed force
during milling
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Every time the cutting edge comes into contact with a new
support structure element, a new peak is created in the force
curve. Fluctuations of force can also be seen in the curve of the
type C support structure. These are presumably caused by the
wavy geometry of the support structure.

In order to reduce the process times during post-processing,
a current research approach is to remove the support structure
and simultaneously finish the functional surface. This strategy
(Surface machining 1 Step) is shown in Fig. 10. As an
alternative, the supporting structure can first be removed by
rough milling and then the SLM surface can be machined by
finish milling (Surface machining 2 Steps). For these two
machining strategies, the surface roughness was measured after
milling and compared with the surface roughness of the SLM
surface. It is noticeable that surface roughness can be strongly
reduced by machining and that quality requirements of
functional surfaces are only fulfilled after milling.

In addition, it can be seen that machining in 2 steps doubles
the process time, but the surface roughness is again
significantly reduced compared to simultaneous milling. This
is the result of the discontinuous contact between tool and
support structure when machining support structure and full
material simultaneously. Because of the discontinuous contact,
the tool is set into slight vibration. These tool vibrations cause
damage to the final workpiece surface, increasing surface
roughness.
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O Surface machining 1 Step
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Figure 10 Surface roughness after milling the support structure and milling
the SLM component surface for different machining strategies

Theoretically, it is also possible to use higher tooth feed
rates in the first step of subsequent machining. Then the
machining time would not double compared to simultaneous
milling.

4. Conclusion

In the aviation industry, additive manufacturing (AM) is
establishing itself as a production technology for aviation
components, thus continuously reducing weight and therefore
emissions. Because AM parts do not fulfill the quality
requirements of finished components after selective laser
melting (SLM), precision machining is necessary. In this paper,
the following results and conclusions can be obtained for the
machining of SLM components:

e Thin-walled functional surfaces present a challenge during
machining because they deflect and vibrate during the
process.

e Clamping systems, which support the workpieces during
milling, significantly improve the machining behavior.
This prevents the workpiece from being deflected,
resulting in high dimensional accuracy.

e  The design of the SLM support structure geometries has a
strong impact on the milling behavior. A strong correlation
between the material volume fraction and the process
forces during milling can be seen.

e By milling, the surface roughness can be strongly reduced
compared to the surface of the SLM components after the
selective laser melting process step.

e The milling strategy has a high influence on the surface
roughness when machining support structures. On the one
hand, a high surface quality can be achieved by subsequent
machining of the support structure and precision
machining (2 steps). On the other hand, with the
simultaneous support structure removal and precision
machining (1 step) the roughness is higher, but the
machining time is reduced.
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