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Abstract

Ultrasonic vibration cutting as a cutting process has been widely used in the precision machining of difficult-to-cut materials due to an
enhanced cutting stability and increased productivity. The authors’ previous researches have shown that chatter vibration prediction is made
possible by the suggested cutting model. This paper is an attempt to determine cutting parameters based on regenerative chatter prediction in
order to facilitate the machining objectives of high accuracy, high efficiency and low cost in ultrasonic vibration cutting. The machinability of
SCM440 steel, called typical hardened steel, is investigated theoretically and experimentally. The cutting model is developed by introducing
an experimental cutting database of SCM440 steel. The simulation and experimental results show that the workpiece material parameter has
a direct influence on the occurrence of regenerative chatter. In order to achieve the chatter-suppressing dynamics in hard ultrasonic vibration
cutting, a stability diagram is predicted based on the simulated work displacement for tool geometry changing. The stability diagram
indicates that the regions of the chatter-suppressing dynamics expand with increasing tool rake angle and decreasing tool clearance angle. It
is also found from the predictive results that regenerative chatter can be suppressed by a change of tool geometry. The determined tool
geometry with the aid of the computer simulation is demonstrated through actual data of ultrasonic vibration cutting. By the use of the

designed tool geometry, a good experimental result is achieved.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Because of high cutting stability and low cutting force,
ultrasonic vibration cutting has been widely applied in
machining various hard materials such as hardened steel,
ceramics and nickel-base alloy [1-6]. The fundamental
feature of this cutting method is that the tool edge is
repeatedly separated from the workpiece. The advantage of
this kind of intermittent cutting is that it allows for a high
accuracy and a low tool wear ratio [5,7]. As it is well known,
the regenerative instability of the ultrasonic vibration
cutting process still occurs in some materials such as
hardened steel [5,8,9]. During the cutting process, the
regenerative instabilities are affected by many factors such
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as workpiece and tool material properties, machine stiffness,
tool geometry and cutting edge sharpness, nominal cutting
conditions such as feed and depth of cut, etc. [2,5,10].
In some recent research works, the authors have proposed a
new cutting model including the ultrasonic vibration cutting
process to predict the occurrence of regenerative chatter [2].
With the aid of the chatter cutting model, we investigate
some factors such as tool geometry and tool nose radius. For
the chatter-suppressing dynamics, the machining accuracy
agreed with the predictive theoretical value [2,5].

The fundamental objectives of all the machining
methods are high accuracy, high efficiency and low cost.
In this paper, the dynamic cutting processes using our
cutting model are simulated for ultrasonic vibration cutting
of SCM440 hardened steel (AISI4340) in order to facilitate
greater harmony of these objectives. Since this metal
material has higher hardness and tensile strength than
normal carbon steel, we introduce an experimental cutting
database of SCM440 hardened steel [2,5,11] in determining
the cutting force components of the cutting model.
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The simulation and experimental results show that the
workpiece material parameter has a direct influence on the
occurrence of regenerative chatter in ultrasonic vibration
cutting. In order to achieve the chatter-suppressing
dynamics in hard ultrasonic vibration cutting, a stability
diagram is predicted based on the simulated work
displacement for tool geometry changing. The stability
diagram indicates that the regions of the chatter-suppressing
dynamics expand with increasing tool rake angle and
decreasing tool clearance angle. It also is found from the
predictive results that regenerative chatter under a general
range ultrasonic vibration cutting condition can be
suppressed by a change of tool geometry. Comparisons of
the simulation and experimental results are given to verify
the designed tool geometry.

2. Modeling

2.1. Mechanism of ultrasonic vibration cutting

Fig. 1 illustrates a schematic diagram of ultrasonic
vibration cutting. The system comprises a rotary cylindrical
workpiece with a cutting velocity v and an oscillating tool
along its cutting direction at a frequency f with an amplitude
a. Fig. 2 shows the ultrasonic vibration cutting mechanism.
The displacement x of the oscillating tool can be given by
x=a sin wt, where w and ¢ are the angular velocity of the
tool and the cutting time, respectively. The displacement of
the cutting tool starts to cut at 7, and separates the workpiece
from t,. At t=t,, the tool vibration velocity X = aw cos wt,
and the cutting velocity v is given by v+aw coswt,=0.
Thus, if 27taf> v, the expression has solutions and a cutting
force of pulse type is generated. Since the distance between
the oscillating tool and the moved workpiece in the interval
from b to ' is equal, the relation can be obtained from:
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The edge contact rate r is defined as the net cutting ratio
at each tool vibration period T:
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Fig. 1. Schematic diagram of ultrasonic vibration cutting.
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Fig. 2. Mechanism of the pulse cutting force in ultrasonic vibration cutting.
These relation can be written as:
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Additionally, the pulse cutting force R,,. is given by
R,,.=R7(t,r), where R is a cutting force of the ordinary
cutting and 7(¢,r) is an edge contact unit step given by the

Fig. 3. Vibration model of chip formation with two degree of freedom.
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