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Abstract

For diamond cutting of die steel, it has been shown that ultrasonic vibration-assisted cutting can reduce the chemical wear of
diamond tool due to the discontinuous contact between the cutting tool and the workpiece. In this paper, a novel structure of
transducer is designed by using free-form surface for ultrasonic vibration-assisted ultra-precision turning die steel. It has two
interesting characteristics: The vibration direction of cutting tool tip can be changed by altering vibration frequencies; it can
produce an elliptical vibration with only longitudinal vibration actuator. In addition, the structure of this transducer is simple and
compact. Finally, several experiments were conducted to demonstrate the effectiveness of this system by diamond ultra-precision

turning of STAVAX steel to a mirror surface.

Keywords Vibration cutting - Ultra-precision diamond cutting - Ultrasonic machining - Free-form surface transducer

1 Introduction

It has been proved that ultrasonic vibration-assisted ma-
chining technology can provide a lot of advantages, such
as lower cutting forces, longer tool life, better surface fin-
ish, etc. [1, 2]. For turning ferrous materials by using dia-
mond tools, ultrasonic vibration-assisted turning has been
demonstrated to be an effective method to reduce the
chemical wear of diamond tool [3—7]. Currently, the vibra-
tion in the longitudinal direction of the transducer is very
common, as shown in Fig. la. But collisions may happen
between the tools and the workpiece [8], especially when
the workpiece contains large curvature region. This
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phenomenon either influences the quality of finished sur-
face or causes the edge chipping of tool tip.

To address these problems, the elliptical ultrasonic
turning method was developed for ultra-precision cutting.
The elliptical vibration can be decomposed into two di-
rections. One is in cutting direction, and the other is in the
thrust direction. Thus, compared with conventional longi-
tudinal ultrasonic vibration-assisted cutting, the tool has a
velocity component in the chip flow direction in every
cutting cycle during penetrating into the workpiece. The
friction force between the tool rake and the chip can be
effectively reduced because of the reversed velocity [9].

There are two major ways to produce an elliptical ultrason-
ic vibration on the diamond tool; one is by using two pairs of
piezoelectric ceramic or magnetostrictive plates whose vibra-
tion directions are orthogonal resulting in their combined vi-
bration forming an elliptical or circular trajectory [10, 11]. The
orthogonal piezoelectric ceramic or magnetostrictive plates
can be installed at the end of a transducer or on the side faces
of a beam transducer [12—14]. But, to make the resonance of
two vibration modes at the similar frequencies is not easy for
these methods. Furthermore, there are strict requirements for
both the input signal phase and piezoelectric ceramic actua-
tors, and the system installation is complicated. A second ap-
proach adopts a kind of asymmetric structure which can pro-
duce a longitudinal-bended compound vibration using a
single-piezoelectric actuator [8]. Similarly, this method also
requires that the structure of ultrasonic transducer generates
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a longitudinal-bended compound vibration at a certain resonant
frequency, which means vibration direction would be fixed
once the structure was determined. To enhance the stiffness of
transducer, designer often needs to miniaturize overall size of
ultrasonic device. If the overhang of transducer is too short,
however, collisions may happen between the workpiece and
transducer during machining concave parts. Ping Guo and
Kornel F. Ehmann et al. [15, 16] utilized two sets of Langevin
transducers with a certain angle to compose an elliptical vibra-
tion device which can generate proper vibration directions and

Fig. 3 Design flow chart of new
transducer
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amplitudes by changing the phase differences. However, these
systems require a relatively large-ultrasonic apparatus that is not
convenient to install in most ultra-precision turning machines.

The objective of this paper is to propose a novel and com-
pact structure of the ultrasonic transducer for diamond ultra-
precision turning die steel, which can produce an elliptical
vibration with only longitudinal vibration actuator. In
Section 2, the process of design will be introduced in detail.
In Section 3, several cutting experiments with single-crystal
diamond tools are conducted to prove the effectiveness of the
novel system.

2 The design of free-form surface transducer

The transducer is the most important part of an ultrasonic
vibration-assisted turning system. According to the theory of
the propagation of sound wave, sound wave reflection hap-
pens between two kinds of medium, which leads to the change
of the propagation direction of ultrasonic wave with the
change of transducers’ structures. If the propagation direction
and the reflection direction of the ultrasonic wave exist a
phase difference, the direction of superposed ultrasonic waves
will change. The phase difference will be affected by the re-
lationship between wavelength (or frequency) and the
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structure of the transducer (shape and size, etc.). Currently,
typical ultrasonic vibration-assisted turning system has a
symmetric transducer, so the direction of propagation of
ultrasonic wave will not change in the process of
propagation. This structure of transducer restricts the
vibration directions of tool tip. Consequently, according to
above analysis, a novel-bended structure of transducer is pro-
posed to change the vibration direction through propagation
and combination of ultrasonic waves in the transducer, as
shown in Fig. 1b. A sandwiched structural piezoelectric ce-
ramic actuator was used to generate a longitudinal ultrasonic
vibration at the end of transducer. Obviously, the shape design
of the transducer is more complicated than traditional sym-
metrical transducer because there is no standard analytical
method. To achieve this goal, a modeling method
“Variational Sweep” in UG NX is used to design the transduc-
er, as shown in Fig. 2. The generic design process: (1) A space
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Fig. 6 Vibration direction of transducer at 65800 Hz
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Fig. 7 Amplitude of vibration components

curve is designed as a guide curve, which represents the tool
path of sweep; (2) section curves are defined to sweep along
the guide curve and generate a free-form surface. According to
this process, many shapes of transducers can be designed. But
unfortunately, for this kind of transducer, there is no analytical
method to analyze its vibration. Therefore, finite element
method (FEM) was adopted to do this work. The basic design
process is presented in Fig. 3. In the design process, three
major factors must be considered: (a) stiffness, (b) vibration
direction, (c) vibration frequency. We will give detailed expla-
nation hereinafter.

2.1 Static analysis of the stiffness of transducer

During machining process, the cutting force was applied on
the tip of diamond tool, as shown in Fig. 4. Therefore, the
stiffness of transducer directly affects the machined surface
quality, especially for ultra-precision-turning mirror surface.
Insufficient stiffness will cause deformation of the transducer
and influence processing stability. Therefore, a static analysis
of stiffness of tool tip with FEM was carried out to design the
shape of the transducer in order to improve the stiffness as
high as possible.

@ Springer

For example, as shown in Fig. 4, three free-form surface
transducer models with different cross sections were designed
in UG NX 8.0 for FEM analysis. These CAD models were
imported into the ANSYS to predict the largest deformation
of the tool tip under the same cutting force. The three different
free-form surface transducers are based on three kinds of typical
structures: cylindrical transducer, quadrate transducer, and ex-
ponential transducer. The front ends of these three transducers
kept the same size, which is determined by the size of diamond
tools. For comparison, their lengths in the horizontal direction
are also consistent. Cr45-steel was used in the models, and its
physical properties including elasticity modulus, Poison’s ratio,
and density were given in FEM model. A fixed constraint is
applied on the flange of transducer, and a constant force is
applied on the tip of the diamond tool, which is fixed on the
end of the transducer. The results of the largest deformations are
shown in Fig. 4. In this case, exponential transducer with larger
cross section can effectively restrain deformation and strength-
en its stiffness. The largest deformation occurred on the expo-
nential transducer, only 30 and 18% of the deformation of the
cylindrical transducer and quadrate transducer, respectively.
And the range of deformation on exponential transducer is the
smallest among these three transducers. Based on these results,
the exponential transducer was selected in the following design.
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2.2 Harmonic response analysis transducer. Harmonic response analysis was used to simulate

the vibration at different response frequencies. It should be
Besides stiffness, two other important factors must be consid- ~ mentioned that modal analysis was not adopted to calculate
ered: (a) vibration direction, (b) vibration frequency.  vibration direction at natural frequency. That is because the
According to the previous analysis, the vibration direction is ~ merit of free-form surface transducer is to achieve a specific
related to the vibration frequency for the free-form surface  vibration direction by changing the excitation frequencies.
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Fig. 11 The measurement results by using laser interferometer

Therefore, it is impossible to keep every vibration direction at
a specific natural frequency. In the free-form surface transduc-
er, proper vibration directions are achieved by combining ki-
netic condition of different order modals. In this work, the
transducer is designed for ultra-precision-turning mirror sur-
face. Usually, the vibration amplitude is very small. Therefore,
we pay more attention to vibration direction than vibration
amplitude.

In harmonic response analysis, a sinusoidal excitation was
applied on the input side of the transducer, and a fixed con-
straint was applied on the flange of the transducer, as shown in
Fig. 5. The transducer was meshed. The vibration trajectories
of the tool tip of the free-form surface transducer can be ob-
served at different frequencies. In order to produce proper
vibration direction at the tip of tool within the certain frequen-
cy range, the free-form structure is designed and modified
through combination of modeling in UG NX and simulating
in ANSYS, as shown in Fig. 6. The vibration components in
the directions of y and z at different frequencies are shown in
Fig. 7. It is clear that for different vibration direction compo-
nents, their amplitudes are significantly changed with frequen-
cies. According to the vibration components and largest

Fig. 12 Cutting experiment using
the new ultrasonic vibration-
assisted system

Spindle
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vibration displacement, the vibration trajectories at the tip of
the tool could be approximately drawn. The elliptical trajec-
tories at different frequencies are shown in Fig. 8.

After the design of transducer was finished, the tool turret
was designed, as shown in Fig. 9. The free-form surface trans-
ducer was assembled through a nut, and the flange was pressed
as well. The PZT actuators were embedded in the turret.

3 Experiments

Since the transducer is a free-form surface, a 5-axis NC machin-
ing center was used to machine it. In order to verify the result of
the simulation in Section 2.2, SIOS laser interferometer was used
to measure the displacement of the tool tip in the direction of ¥, as
shown in Fig. 10. The results are shown in Fig. 11. Comparing
between Figs. 7a and 11, we find that although deviations exist
due to all kinds of errors, the basic trend is same.

The whole ultrasonic device was installed on a Nanotech
250UPL Ultra-Precision Lathe, as shown in Fig. 12. The exper-
iment of cutting die steel was conducted. In this experiment, a
single-crystal diamond (SCD) tool was used, with a nose radius
of 0.5 mm and the rake angle is 0°. The workpiece material was
made of STAVAX die steel, and workpiece diameter was 20 mm.
The cutting parameters and results are shown in Table 1.

Since the tool wear directly determines the finished surface
quality in ultra-precision machining, we mainly focused on
the surface finished quality and tool wear under different fre-
quencies. If the tool wear is serious in the machining process,
a mirror surface usually cannot be obtained. Specifically, ma-
chining die steel with diamond tools will cause excessive tool
wear due to the strong-chemical affinity of carbon to iron [17].
In this experiment, when the ultrasonic frequency was 85 kHz,
serious tool wear occurred at the tip of the diamond tool and
the surface roughness was also very poor. Similarly, the flank
face of the diamond tool occurred serious wear at 90 kHz.
Whereas at frequencies near 63—66 kHz, a better surface fin-
ished quality was processed and lower surface roughness Ra
was obtained, as shown in Table 1. Choosing appropriate
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Table 1 Cutting experiment conditions and results with free-form ultrasonic transducer
No. | Depth of feed Spindle Frequency of Power of Roughness  Morphology of surface
cut (mm/min) speed ultrasonic ultrasonic Ra
(um) (r/min) vibration vibration (nm)
(kHz) V)
1 3 0.25 25 63 200 19.44
2 3 0.25 25 65.8 200 30.01
3 3 0.18 20 63 200 10.45
4 3 0.045 16 63 100 7.57
5 3 0.045 16 65.8 100 7.9

processing parameters (feed and spindle speed), we can obtain
the surface quality below 10 nm, respectively, at frequencies
of 63 kHz (Ra=7.57) and 65.8 kHz (Ra=7.9). Finally, fre-
quency of 63.5 kHz was selected and a complete mirror effect
workpiece was machined as shown in Fig. 13a. Figure 13b
shows that tool wear is not obvious. The supplementary
videos show the vibration trajectories under the three frequen-
cies (63.5, 85, and 90 kHz). From the videos, it can be found
that the vibration trajectories at 85 and 90 kHz are similar and
due to their specific vibration direction, collision may happen
easily. However, the vibration direction changes at the fre-
quency of 63.5 kHz as shown in the video, leading to less tool
wear. Therefore, we can prove that this novel ultrasonic
vibration-assisted cutting device can reduce tool wear of dia-
mond tool with proper vibration direction.

4 Conclusions

In this paper, a novel structure of transducer is designed by
using free-form surface for ultrasonic vibration-assisted ultra-
precision-turning die steel. 3D CAD system and FEM are
used to optimize the structure by considering three factors:
(a) stiffness, (b) vibration direction, (c) vibration frequency.
The structure of the system is simple and compact. More im-
portantly, it has interesting characteristics: The vibration di-
rection of the tool tip can be changed by altering vibration
frequency. Through experiment of cutting STAVAX die steel
on ultra-precision lathe, we can prove that the new ultrasonic
vibration-assisted turning system is able to reduce tool wear
and improves surface quality effectively for ultra-precision
diamond-turning die steel.
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