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Abstract. Due to continuous tool engagement, turning processes tend to form long
chips when machining ductile materials. These chip shapes have a negative
influence on process performance and productivity. One approach to improve chip
breakage is superimposition of vibrations in feed direction of the turning process,
which leads to a modulation of uncut chip thickness. In a joint industrial project with
Schaeffler Technologies AG & Co. KG, Fraunhofer IWU developed an oscillating
actuator for turning. The actuator converts a rotational movement of a drive motor
into a translational vibration via an eccentric gear. The tool shank is mounted in
solid joint assemblies. With this prototypical system, a cyclic movement of the tool
in feed direction can be realized. The typical operating parameters of the actuator is
within the range of 1...100 Hz with adjustable vibration amplitudes up to 0.6 mm
peak-to-peak. A significant improvement in chip breaking during the machining of
steel 1.0503 was shown in cutting tests.

Keywords. Manufacturing research into Industry, Sustainable Manufacturing, VAT,
chip breaking.

1. Introduction

Turning is a cutting operation with defined cutting edge. Typical for this process is the
continuous engagement that often leads to poor chip breaking. The formation of ribbon,
tangled and flat spiral chips can evoke considerable problems in the chip flow. Especially
during internal machining, this can damage the work piece or lead to tool breakage.
Unfavourable chip shapes also tend to form chip nests, which inhibits automatic chip
removal by the chip conveyor. Collision geometries occur in the working area and the
accumulated heat of the nest can negatively influence the machine geometry. Therefore,
a goal in turning is to generate short broken chips, independent of tool wear and batch
variations for increased operational efficiency and chip flow resilience. This paper
describes the approach of uncut chip thickness modulation, the developed actuator and
presents the achieved chip shapes.
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2. Kinematics of vibration assisted turning in feed direction

Chip thickness modulation

Figure 1. Kinematic VAT longitudinal cut (left) and chip thickness modulation (right)

The variation of the uncut chip thickness is a known principle to improve chip
breaking [1]. For longitudinal cuts, an unidirectional oscillating motion s(t) in feed
direction is useful. During the manufacturing process, the feed velocity of the tool vy is
superimposed with the oscillating speed s(t) of the tool and thus the feed is modulated
(Figure 1). The uncut chip thickness h(t) results from the projection of feed f onto the
tool cutting plane by the tool setting angle k,.. On the right side, Figure 1 shows the
unrolled tool paths and the uncut chip thickness function over the angle of rotation ¢.
The number of extreme values of h(t) depends on the ratio of the periods Ty, and Ts. This
ratio also defines the modulation factor K, which is the number of maxima during one
spindle revolution. The phase shift between oscillation frequency and rotational speed
which results due to the factor has a significant influence on the engagement of the
cutting edge and the chip thickness modulation.

3. Actuator overview

Due to the advantages of vibration assisted turning, several vibration systems exist for
processes with long continuous cutting engagement such as turning and drilling. The first
publications on vibration assisted turning date back to the 1950’s and 1960’s [2]. Here,
tools were excited with vibration generators in different tool axes. In the following,
various vibration systems for low-frequency vibration assisted turning (LVAT) will be
presented.

Sources [3] and [4] show hydraulic oscillating systems. With these systems, high
cutting values could be achieved, but the amplitude was frequency-dependent. Other
systems are driven by piezo actuators. Here [5] shows a piezoelectric boring bar
configuration for turning and centric drilling in lathes. A piezoelectric tool was also
presented in [6]. Here, the turning tool is equipped with a parallel spring mechanism
made of solid-state joints. Both systems were tested in industrial use and improved chip
breaking was demonstrated for low feed rates. However, the systems only achieve low
amplitudes due to the characteristics of the piezo-actuators.

Table 1 shows vibration systems with different drive principles with the associated
process parameters and vibration characteristics of chip breaking tests. The solutions
listed are limited to direct actuation of the tool in the feed direction.
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Table 1. Vibration characteristics and process parameters of actuator systems

Vibration characteristics Process parameters
System Amplitude A Frequency f;  Feed f Cutting deth a, Cutting speed v, Material
[mm] [Hz] [mm] [mm] [m/min]
Electrohydraulic [3] 0.1 125 0.91 0.76 137 Mild Steel
Electrohydraulic [4] 0.15 30 0.4 n.a. n.a. C45E
Piezoelectric [5] 0.11 20 0.1 0.5 226 SHP 440
Piezoelectric [6] 0.05 25 0.05 1 550 CGI

4. Design of actuator for VAT
4.1. Kinematic structure and assembly of the actuator

The actuator is designed for internal machining in wheel bearing production. Figure 2
shows the technical principle and the assembly of the Schaeffler actuator. Here, a boring
bar (1) is supported via two packages of solid-state joints (2). The solid-state joints are
designed as membranes and are clamped against each other via a sleeve (3). Any bending
moments that occur are thus absorbed by both bearing points. The solid-state joints allow
for boring bar movement without play and friction. The torsional moment of the boring
bar is absorbed by a shaft-hub connection in the first bearing point. The boring bar is
exchangeable or has an exchangeable head interface (4).

(@ 1 Holder

Figure 2 Kinematics of the actuator (left) and Schaeffler VAT-actuator (right)

During development, the solid-state joint membranes were first optimised using the
FE method to achieve a balanced stress distribution with high radial stiffness and axial
rigidity. During the design, load regimes were determined using the technology data of
vibration assisted turning and the stress distribution was optimised by the design of the
membrane thickness, the diameter ratios and the radii. Subsequently, the optimal
arrangement of the solid-state joints within a standard change holder was determined via
a iterative parameter study.

The oscillating movement s(t) is generated via a thrust crank mechanism (Figure 3
left). A NC servo motor (5) drives a crankshaft with a speed ny of up to 6000 rpm. The
shaft contains a double eccentric mechanism (6) which allows the eccentricity and thus
amplitude A between 0.02 mm and 0.3 mm. A connecting rod (7) with length of p
connects the crank to the boring bar. The transmission function of the mechanism results
in equation 2. of the oscillating movement s(t).
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The serial arrangement is characterised by the fact that only low bending moments
are induced from the drive train into the boring bar bearing and in addition, the forced
guidance allows pulling cuts to be made.

4.2. Machine integration of actuator

After testing a prototype, it was possible to implement an actuator for industrial use in
wheel bearing production with the same mode of operation (Figure 3). A combined
PLC/NC-control concept was implemented to automatically select the optimum
vibration speed ny, (t) by multiplication with the modulation factor K and the spindle
speed n(t). The acceleration and deceleration values of the actuator allow the calculation
of the deceleration path AZ. With the consideration of the current feed rate and position
Z(t) an automatic switching of the actuator in longitudinal cutting was implemented.
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Figure 3 Actuator integration Schaeffler production plant

5. Experimental investigation

With the developed actuator cutting tests were executed. The focus was set on the
influence of vibration excitation, especially the interaction of vibration frequency and
amplitude and also the phase shift, on the chip shape and breaking behaviour.

5.1. Experimental setup and investigation parameters

The cutting tests were done on a NILES N20 CNC-Lathe. The work piece material was
steel C45 (1.0503) as round bar, which was clamped in a three-jaw chuck. The
investigated process was internal longitudinal turning with a starting diameter of 100 mm.
The tool was a Kennametal A32S DDPNR 15 boring bar with coated tungsten carbide
grade P20 cutting inserts DNMG 150616. Inner coolant supply with 8% oil emulsion
with pressure 6 bar was applied to the cutting tool. Table 2 shows the experimental
parameters.
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Table 2. Parameters for cuttings tests

Cutting parameters Vibration parameters
Cutting speed v, Feed f Cutting depth a, Frequency fy Amplitude A (peak-peak)
[m/min] [mm)] [mm] [Hz] [mm]
190 0.1 0.5 13...65 0.08...0.11

5.2. Results

The conventional base of operations were long conical helical chips with high snarling
tendency like shown on left side in Figure 4, symbolized by two red parallel lines.

Applying VAT the chip shape was changed significantly. It was found that in
intermediate cutting conditions, symbolized by sinusoidal crossing red lines, a single
chip forms for each vibration cycle. With increasing frequency fv the number of vibration
cycles per rotation rises. As a result the number of chips also increases and the length of
the single chip decreases. Like shown in Figure 4 not only the chip length, but also the
shape of the chips changed with the vibration frequency. With an applied frequency of
13 Hz, meaning K = 1.5 vibrations per rotation, short conical helical chips are formed.
An increased frequency of 65 Hz (K = 7.5) tended to form loose arc shaped chips.
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Figure 4 Chips formed with different vibration frequencies (v, = 190 m/min, f= 0.1 mm)

The vibration amplitude affects the variation of uncut chip thickness. For
intermediate cutting conditions, an amplitude A (peak-peak) higher than the feed f is
necessary. An amplitude below the feed causes continuous cutting conditions with a
modulation of the uncut chip thickness. Hence the forming chip contains cyclic weak
flaws which act as predetermined breaking points. With a certain probability the material
fails and the chip breaks in this area. Because the chip breaking is not ensured for each
single flaw the forming chip can contain several of them until it finally breaks. Chips
generated with continuous cutting, symbolized by two not crossing sinusoidal red lines
with 180° phase shift, are shown in Figure 5. In this example the chips formed during
the machining tests tended to break at the second flaw. Only in few cases chips broke
after the first oscillation period. However, this behaviour is assumed to be stochastic and
strongly dependent on the machined material properties and the process conditions.
Because the chip breaks only with a certain probability on each flaw, the resulting chip
lengths is on average longer than with interrupted cutting conditions on the same
vibration frequency. Increasing the frequency leads to a shortening of the distance
between and thus a higher number of flaws. More weak points are created in the cut off
material. Even with increased vibration frequency the chips tend to break on the first or
second flaw. This leads to a shortening of the resulting chip lengths. The cutting tests
show that vibration assistance in continuous cutting conditions can also induce a
considerable shortening and a targeted control of the resulting chip lengths. Despite the
vibration superimposition the modulation of uncut chip thickness is almost neutralized
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with phase shift of 0°. Shown in Figure 5 (right), long conical helical chips, comparable
with the chip shape of conventional cutting, occur.

A=0.08 mm : A=0.08 mm
f, =13 Hz : f, = 65 Hz

Figure 5 Chips formed with different vibration conditions (v, = 190 m/min, f= 0.1 mm)

6. Conclusion

A new actuator for low frequency VAT was developed. The unit is capable for
finishing and roughing operations with high vibrations amplitudes. With this actuator
cutting tests were done on internal longitudinal turning. Especially the influence of
vibration frequency, vibration amplitude and phase shift on the forming chips were
investigated. The results show, that with VAT the chip breaking can be improved
significantly. With the ratio of oscillation frequency and spindle speed, not only the chip
length can be specifically adjusted, but also the chip shape can be influenced. It could be
shown, that with increasing modulation factor K the chip length decreases. The
experiments also indicate, that low frequency VAT in intermediate cutting conditions as
well as in continuous cutting conditions lead to a significant improved chip breakage.

The system has been tested on a series machine under production conditions for
wheel bearing components since development was completed. Controlled chip breaking
increases machine availability by up to 5%.
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