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Abstract

To improve the process results when micro milling, a unit for vibration-assisted machining was developed. The special characteristic
of the unit is that, unlike many commercially available systems, the workpiece itself is excited. With the self-developed vibration unit
frequencies up to 15 kHz can be realized and an installation in any machine tool is possible. In general, the process forces and the
process results (surface topography of the workpiece) are positively influenced by vibration-assistance when micro milling. Further,
a reduction of the process forces usually leads to reduced tool wear. Vibration-assistance hence is especially interesting when micro

milling materials where high wear occurs, such as AISI 316L.

The research in this paper focuses on the influence of vibration-assistance on tool wear, process forces and surface roughness during
when milling AISI 316L. Single-edged cBN micro milling tools with an effective diameter of 100 um were used. The vibration excitation

of the workpiece led to significant differences in tool wear.
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1. Introduction and state of the art

For numerous applications such as electro-mechanical
systems or medical devices, increasingly miniaturized and
functionalized components are required due to the demand for
reduced weight and dimensions [1], which increases the need
for highest efficiency and precision when manufacturing
structures at micro scale. The structural sizes of such
components are usually significantly smaller than 1 mm. One
way to produce such features is micro milling [2]. The precision
of micro milling processes depends, among other things, on the
machine’s stiffness [3] and the tool wear[4]. A promising
technology to increase precision is vibration-assisted machining,
which is already used in macro scale applications. In
vibration-assisted machining, the cutting movement of the tool
is superimposed with a vibration [5] which leads to changed
cutting conditions [6]. In  summary, vibration-supported
machining is suitable for machining of advanced materials with
a high hardness and high wear and temperature resistance [7].
The shorter contact time between tool and workpiece results
e.g. in shorter chips and the heat can be dissipated better [8].
Due to the mentioned advantages, vibration-assisted machining
is already used for components in aerospace, optics and
biomedical science [7].

Vibration-assisted machining was also applied for micro
milling [8]. The tool size was 1 mm and titanium and aluminum
alloys were machined [8]. The vibration-assisted machining
resulted in better surface qualities, quantified by lower Ra
values. In addition, smaller chips were formed due to the
interrupted cut and the process heat was reduced. Noma et al.
have observed a reduction of process forces and tool wear when
using vibration-assisted machining with tool diameters of
d =400 um [9]. The vibration direction was in the tool‘s axial

direction, the vibrational frequency was 70 kHz [9]. Different
methods exist to realize the excitation. Besides the axial
excitation e.g. via the spindle, there is also the excitation via
platforms, which are often used for milling applications [7].
Platforms for micro milling are e.g. described in [7-8, 10-13].

In this study the influence of vibration-assistance on the tool
wear during micro milling of AISI 316L is investigated. Previous
studies by the authors have already shown that micro milling of
AISI 316L leads to pronounced abrasive wear [14]. As the focus
of this study is the wear behavior of the micro milling tools, AlSI
316L is applied. The tools used are single-edged micro end mills
with a diameter of d = 100 um, the direction of the vibration is
oriented along the direction of feed motion. Besided the tool
wear the process forces during machining and the surface
roughness of the milled structures are evaluated.

2. Experimental setup

2.1. Samples and Machine Tool

The material AISI 316L was available as bar material and was
cut to the dimensions of 20 x 20 x 7 mm by conventional milling.

The experiments were conducted on the LT Ultra MMC 600 H?
machine tool. This machine tool features hydrostatic mounted
axes and is driven by linear, respectively torque motors
(translational axes and rotary axes). Before the study on
vibration-assisted micro milling was conducted, the samples
were face milled on the UP machine to assure parellism of the
sample surface to the tool axes. For this reason, the sample was
already fixed to the vibration platform during face milling. A two
fluted milling tool with a diameter of 3 mm was used for
planning (NS tools MSXH440R?).
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2.2. Vibration Platform

The design of the vibration platform allows a mounting in
different machine tools and is similar to [11-13]. The vibration
platform is designed in such a way that it can be screwed onto
the dynamometer (Kistler 9119AA2?), which is fixed in the
machine bed. It consists of a frame, which is fixed on the
dynamometer and is also used to preload the piezo, and a
workpiece holder (see figure 1a)). The workpiece holder features
solid-state joints with a stiffness of approx. 2.2 N/um. The
AISI 316L samples were glued to the workpiece holder. The
amplitude of the piezo is calculated according to Melz [15] as
follows:
Al() * Cstystem -F (1)

Csystem + Cpiezo

According to the manufacturer, the piezo (Physik
Instrumente, Pl) E 618.10G1%, max. frequency 15 kHz) has a
stiffness of 68 N/um. This results in a calculated amplitude of 1.8
um for the construction used.

Al =

2.3. Milling Tool and Machining Parameters

Single-edged cBN-tools (NS tools SMEZ120 D0,100?) with an
effective diameter of d = 100 um were used for micro milling
(see figure 1b). A shrink chuck (Levicron HSW-E?) with a static
concentricity error < 0.8 um (manufacturer’s specification) was
taken for tool clamping. All experiments were performed dry. A
microscope was used to observe the micro milling process.
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Figure 1. experimental setup: vibration platform and milling tool
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The machining parameters are summarized in table 1. The
spindle speed was selected as 24,420 rpm, as this avoids a
superposition of spindle frequency (fs = 407 Hz) and vibration-
assistance (fe = 5,130 Hz).

Table 1 machining parameters

parameter value
spindle speed 24,420 rpm
feed per tooth 1um
depth of cut 5um

feed travel 340 mm
vibration fequency 5,130 Hz

The vibration frequency was determined as follows: the
experimental setup was mounted in the machine tool and the
piezo was driven at frequencies ranging from 0 to 20 kHz. The
force signal of the dynamometer (offset, without tool
engagement) was monitored in real time and the excitation-
frequency-dependent maximum of the offset-force was
determined. The vibration frequency leading to a maximum in
the force signal in direction of the excitation was detected as
resonance frequency. For the test setup described, the
resonance frequency was 5.13 kHz. The excitation of the sample
was performed in the feed direction of the micro milling process.
During all tests a feed travel of 340 mm was set. Over the
complete feed path the depth of cut was set to 5 um. This results
in a cutting volume of 1,700 mm? for a single test. During the
test, milling processes without excitation and with excitation in

resonance frequency were carried out and the resulting tool
wear was compared. The milling processes without excitation
served as reference. The tests were performed three times with
excitation and without excitation for statistical verification.

3. Measurement Technology

Three different measuring methods were used to detect tool
wear and to compare the process results.

3.1. Qualitative wear examination (SEM images)
The tools were sampled with a Philips XL 40° scanning electron
microscope. For each tool, the entire rake face was sampled.
Before the SEM images were taken, the tools were cleaned in
an ultrasonic bath in Isopropanol (5 min). Since all tools were
cleaned in the same way, adhering chips indicate changes during
the milling process.

3.2. Process Forces

The forces were recorded with the already mentioned
dynamometer (Kistler 9119AA2?). For all measurements the
sampling rate was 12 kHz. The forces were recorded in the
following slots:

-slot 1: (0 - 20) mm feed travel

-slot 5: (80 — 100) mm feed travel

-slot 9: (160-180) mm feed travel

-slot 13: (240-260) mm feed travel

-slot 17: (320 — 340) mm feed travel

In the working plane the forces in feed direction (Fy) and
perpendicular to the feed direction (Fx) were measured.
Additionally the passive force (Fz) was determined. The process
force for each slot was determined from the three components
(Fx, Fy, Fz) as follows:

- The force components were filtered with a long-wavelength

high-pass filter (cut-off frequency 1 Hz), to remove drifts

- When the tool was not engaged, the offset (resulting from:

excitation of the workpiece, measuring noise and vibrations)

was identified and subtracted from the respective force
components

- The total process force was determined from the three

components (Fx, Fy, Fz) for each instant of time: the absolute

value of the total vector resulting from the vector addition of

Fx, Fy and Fz was calculated

- The arithmetic mean value of the process force was

determined for each slot

- The specific cutting force was calculated by relating the

process force to the actual cutting depth. The cutting depth

was determined using images from the confocal microscope

(see chapter 4.3).

In addition to the determination in the time domain, the force
in feed direction or direction of excitation (Fy) was also
examined in the frequency domain. Therefore a Fourier analysis
of the component Fy was performed. By means of this analysis
the existing frequencies in the force signal can be identified.

3.3. Surface Roughness

The milled structures were characterized in equal distances
(slot1,5,9,13,17) with the confocal microscope (Nanofocus
uSurf explorer®) with an objective that features a 50x
magnification and numerical aperture of 0.5. The measuring
field size of a single field with this objective is 320 um x 320 um.
The following two evaluations were performed:

- areal roughness: The suface texture parameter Sa (arithmetic
mean height) was calculated. One single measuring field was
sampled at a position of the slot where the burr does not
overhang the structures in the slot’'s bottom. From this
measuring field, an evaluation section of 30 um x 300 um was



taken in the middle of the slot. No filtering is prescribed in the
standard for the areal surface texture parameters [16]. To
eliminate the unavoidable tilting of the sample during the
measurement, a plane alignment was performed. In addition,
S-filtering with a wavelength of 0.25 um was performed to
remove the measurement noise. For the aligned and filtered
section the parameter Sa was calculated.

- profile roughness: The profile roughness parameter Ra
(arithmetic mean height) was determined for the profile in the
middle of the slot. To guarantee a profile length of 480 um, three
measuring fields were stichted. The middle profile section was
taken from the stitched topography and filtered with
As =0.25 um and Ac = 8 um. The filters were defined according
to 1SO 3274 [17]. Due to the significantly smaller scale of surface
roughness and measuring length, the absolute values of the set
filters were scaled down.

After the parameters for each individual measured slot were
determined as described, they were processed for further
consideration as follows: for the two processes (with or without
excitation) the parameters of the three repetitions were
averaged for the analyzed grooves (1,5,9, 13,17) and the
corresponding standard deviations were calculated. In this way,
the surface roughness for the two different processes can be
shown as a function of the feed travel.

In addition, SEM images of the slots were taken to qualitatively
examine the surface quality of the milled slots.

4. Results

4.1. Qualitative wear examination (SEM images)

Figure 2 shows the SEM images of the worn tools after 17 slots
corresponding to 340 mm feed travel. When comparing the
tools from the tests without excitation and with excitation, it is
noticeable that the excitation has an effect on the wear behavior
of the tools. However, it is also noticeable that the three tools of
the respective tests (with excitation or without excitation) do
not show an identical wear. In the upper images for the tests
without excitation a considerably wear at the corner is visible.
Interestingly, this wear is not always most pronounced at the
same position. In repetition 2, the maximum wear of the major
cutting edge is slightly higher in the axial direction than for the
other two tools. Nevertheless, the wear behavior is basically
identical for all three tools: abrasive wear or breakouts occur.
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Figure 2. worn tools after 340 mm feed travel

In the experiments with excitation, the wear of the corner
appears less pronounced. However, the large number of small
chips adhering to the tool during repetition 1 and repetition 3 is

striking. A built-up edge has also formed during repetition 3.
Since all tools were exposed to the same process conditions
(except for the excitation: with or without) and the cleaning
strategy was also identical for all tools, it can be assumed that
the chip formation was different in the two processes.

4.2. Process Forces

The amplitude spectrum (see figure 3), which was recorded in
a milled slot, clearly shows on the spindle frequency with its
harmonics and the excitation frequency. The amplitude of the
excitation is much more pronounced compared to the spindle’s
excitation. The frequency of the excitation exceeds the
dynamometer’s natural frequency (4.6 kHz).
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Figure 3. amplitude spectrum at resonance frequency

The specific process forces (mean values) depending on the
feed travel are plotted in Figure 4 for all tests. As described in
Section 3.2, the mean value of the process force was calculated
for each measured slot. It can be seen that all forces are in the
same order of magnitude after an initial wear (feed travel > 90
mm). For the tests with excitation, the process forces tend to be
almost constant after initial wear.
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Figure 4. specific resultant forces with and without excitation

4.3. Surface Roughness

For both processes (with and without excitation) the
parameter Sa shows its maximum value in the first slot. Then
(feed travel > 90 mm), the values fluctuate only slightly. Sa
decreases systematically after the initial wear for the tests with
excitation whereas no systematic behavior is visible for the tests
without excitation (see figure 5). The values for both processes
(with and without excitation) are in an identical order of
magnitude.

For Ra the behaviour is not systematic and almost constant
over all slots and for all conditions. The values for the tests with
excitation are always lower than the values for the tests without
excitation.

Overall, it can be stated that surface texture and roughness
parameters for both processes (with and without excitation)
show an almost identical behavior and are of the same order of
magnitude. Differences between areal and profile parameters



are mainly due to the fact that only the center profile was
considered in the profile analysis and a defined area was
examined in the area analysis. The chip thickness decreases
during milling with increasing distance from the center axis of
the slots. This results in a change in the kinematic roughness as
well as increased ploughing effects at the edges of the slots.
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Figure 5. surface texture and roughness parameters with and without
excitation

When qualitatively assessing the surface quality in the milled
slots on the basis of SEM images, the first thing to note is that
there are also differences between the various repetitions
within a process (see figure 6).
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Figure 6. milled slots with and without excitation

However, in the tests without excitation there seems to be a
more pronounced tendency for ploughing. This fact may also be
due to the abrasive wear which is greater in these tests (see
chapter 4.1). Because of the abrasive wear the cutting edge is
more rounded and therefore ploughing is more pronounced.

In addition it is visible that the excitation obviously also has an
influence on the burr formation. This fact can probably be
explained by the changed chip flow, which is caused by the
multiple interrupted cut.

5. Conclusion and Outlook

The study examined the influence of vibration-assisted
machining on the tool wear and process results in micro milling
of AISI 316L. Single-edged cBN milling tools with an effective
diameter of 100 um were used. It was found that the wear on
the corner was significantly lower when cutting with excitation.
The surface quality of the milled slots with excitation was in the
same order of magnitude (Sa) or tended to be better (Ra) after
the initial wear (feed travel > 90 mm). The qualitative
assessment of the slot bottom via SEM images showed less
smearing of material. This means that the tool life of the micro

milling tools can be extended by applying vibration-assistance
without deterioration of the surface quality.

Interestingly, there were also differences in burr formation,
which were not explicitly investigated in this study. The burr
formation will therefore be further investigated in future
studies.

2Naming of specific manufacturers is done solely for the sake of
completeness and does not necessarily imply an endorsement of the
named companies nor that the products are necessarily the best for the
purpose.
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