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Abstract: Ultrasonic elliptical vibration cutting has a wide range of applications in the field of
precision cutting of difficult-to-machine metal materials. However, due to its intermittent cutting
characteristics and the weak rigidity of the horn, cutting chatter is prone to occur during its cutting
process, which has an important impact on cutting surface quality and tool wear. In this paper, the
rigid /viscoplastic rod model is used to simulate the horn in the ultrasonic elliptical vibration cutting
device, and the influence factors of the amplitude-frequency response of the horn are analyzed. The
influence of cutting speed and cutting depth on cutting chatter was studied by ultrasonic elliptical
vibration cutting experiment of tungsten heavy alloy, and the influence of cutting chatter on cutting
surface morphology and diamond tool wear was studied. The research shows that cutting speed will
change the excitation frequency of the horn, and reasonable cutting speed can inhibit the occurrence
of cutting chatter and avoid resonance of the horn. The cutting depth will affect the excitation
amplitude and amplify the vibration amplitude when chatter or resonance occurs. The experimental
results show that in ultrasonic elliptical vibration cutting of heavy tungsten alloy, chatter suppression
can significantly improve the quality of the cutting surface and reduce the wear of diamond tools.

Keywords: ultrasonic elliptical vibration cutting; cutting chatter; cutting surface morphology; tool
wear; tungsten heavy alloy

1. Introduction

Ultrasonic elliptical vibration cutting (UEVC) was introduced by Shamoto and Mori-
waki in CIRP on 1994 [1]. Its working principle is that piezoelectric ceramics drive the horn
to vibrate at high frequencies, which in turn causes the tool to move in a circular or elliptical
trajectory to achieve material removal [2,3]. The working principle of UEVC is different
from that of conventional turning (CT) and ultrasonic assisted turning (UAT). In each
vibration-cutting cycle, the tool and the material will have a complete separation process.
At the same time, the size and direction of the friction force on the rake face of the tool will
constantly change, and the actual cutting angle of the tool will also change [4,5]. Compared
with UEVC, UAT can only separate tool and material in one direction. There is always
a face in the flank or rake face that is in contact with the workpiece material at all times,
which makes the separation incomplete. There are also great differences between UAT and
UEVC in terms of actual cutting angle, cutting trajectory and acceleration in cutting [6,7].

Intermittent cutting is one of the characteristics of UEVC. In each vibration cycle, the
complete separation of tool and material is conducive to the entry of cutting fluid into
the cutting zone, achieving better heat dissipation and lubrication, thereby reducing tool
wear and improving cutting surface quality [8-10]. The diamond tool can also be applied
to the cutting of ferrous metals [11,12], and improve the machinability of hard and brittle
materials [13,14]. However, intermittent cutting can also lead to periodic changes in cutting
force, resulting in the chatter of horn and tool in UEVC device. As we all know, cutting
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chatter in precision/ultra-precision machining is to be avoided, which will not only reduce
the cutting surface quality but also seriously affect the tool life [15-17].

To suppress chatter in cutting, domestic and foreign scholars have also carried out
related research. Urbikain et al. [18] studied the chatter problem when turning parts with
interruption characteristics. A stability model of intermittent turning chatter is proposed
when the main vibration is perpendicular to the chip cross-section. This method must
calculate the dynamic displacement factor depending on the tool’s vibration frequency.
Studies have shown that cutting speed and tool cutting cycle are the key factors affecting
vibration. Wang et al. [19] studied the chatter problem in the machining of lean tools such as
boring and milling, analyzed the working principles of two different tuned mass dampers,
and explained the advantages of tuned mass dampers according to the simulation and
modeling results. The influence of the stiffness and damping parameters of the components
in the tuned mass damper on the suppression of chatter was analyzed. Feng et al. [20,21]
monitored and counted the cutting chatter in milling, and analyzed the influence of cutting
chatter on surface roughness. According to the established chatter model, the optimization
of machining parameter selection is realized. Ahmed et al. [6] compared the cutting
force of ultrasonic-assisted turning and traditional turning, and studied the influence of
vibration frequency, amplitude, and feed rate on cutting force. The results show that
the cutting force of ultrasonic-assisted cutting can be reduced by 30% compared with
traditional turning, but the fluctuation range of cutting force is larger than that of traditional
turning. Kamada et al. [22] studied the composite chatter based on low-frequency and high-
frequency vibration in the cutting process, and analyzed the influence of phase difference
and vibration frequency on chatter. The cutting experimental results show that setting a
reasonable phase difference can effectively suppress cutting chatter. Etxebarria et al. [23]
developed an inertial actuator that compensates for the cutting force through reverse
motion control during cutting, thereby suppressing chatter. From the above research, it can
be found that the existing methods of flutter suppression can be divided into two ways:
increasing flutter damping and optimizing machining parameters [24-27].

UEVC involves many processing parameters. This paper mainly studies the flutter
suppression method from the perspective of parameter matching. By establishing the
rigid /viscoplastic rod model of the UEVC device, the influencing factors of cutting chatter
are analyzed, and the processing parameters are optimized. Through the UEVC experiment
of tungsten heavy alloy, the influence of cutting chatter on surface roughness and tool wear
was studied.

2. Vibration Model of Horn and Its Influencing Factors Analysis

UEVC can be decomposed into sinusoidal motion in X/Y directions. The trajectory
equation of the tool relative to the workpiece is shown in Formula (1), as shown in Figure 1a.
Each UEVC cycle, according to the fluctuation of cutting force, can be divided into four
stages, namely, the empty cutting stage, starting cutting stage, cutting stage, and cutting
end stage, as shown in Figure 1b [5]. In the empty cutting stage, the cutting force is zero.
In the initial cutting stage, the tool begins to contact the material, and the cutting force
increases with the increase of the cutting amount.

x(t) = Asin(2m ft) + vt
i 0
y(t) = Bcos(2m ft + ¢)

where A and B are amplitude in x and y directions, f is vibration frequency, ¢ is phase
difference, v is cutting speed.
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Figure 1. UEVC principle and cutting process.

The UEVC device, as shown in Figure 2a, can be divided into two parts: horn and
fixed shell. The force situation in the cutting process can be simplified into a model as
shown in Figure 2b, and a coordinate system (X, Y, Z) is established, where the Z-axis
is the symmetry axis of the cross-section of the horn, the Y-axis is the neutral axis of the
cross-section of the horn, and the X-axis coincides with the axis of the horn.

Fixed shell Amplitude bar Cutting tool

™ N

Ultrasonic elliptical vibration cutting device

U

b) V4

~ 7
T~ P(z0)

Reduced model

Figure 2. (a) The UEVC device, and (b) Its horn force model.

In the cutting process, the horn will be affected by the X/Y/Z three directions of force,
respectively, Fx, Fy, Fz, the cutting force Fx along the axial direction of the horn, the cutting
force Fy along the cutting feed direction, the cutting force Fy is along the cutting speed
direction. The cutting force Fx will compress the horn, and the fluctuation of the force
will cause the change of the cutting state in the cutting depth direction. However, under
ultrasonic elliptical vibration cutting, the cutting force is small, and the horn is rigid, so it
will not have a significant impact on the cutting surface morphology. The cutting force Fy
will make the ridge at the feed junction no longer uniform, which will have a significant
impact on the cutting surface morphology in the feed direction, but the impact on the
cutting surface pits is very tiny, so it is not the focus of this study. The cutting force Fy is the
same as the ultrasonic vibration direction, which will lead to the low frequency vibration of
the horn. It can also be seen from the cutting surface pits that the reason is mainly caused
by the low frequency of the horn along the cutting direction. Based on the above analysis,
cutting force Fx and cutting force Fy are not the main causes of cutting chatter, so they are
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ignored in this study. This paper focuses on the problem of tool chatter caused by cutting
force Fy.
The motion equation of the horn particle is:

d?x 7y dx 5
a2 + 2%5 + wjx = focos27ft, 2)
k  kh
2 _ K _ K
The damping vibration term is:
x = Se” " cos(wt + ¢). 4)
Into the Formula (1) can be obtained:
{(w% - wz) sin(wt — 0) + 2 cos(wt — 6)] = hcos wt. (5)
By comparing the coefficients of sin wt and cos wt can be obtained:
B (w? — w%)
h
5= _ %)
\/((4)2 - w3)” +4p2w?
2 52
X = f cos (wt — g + arctanwoz(u> 8)
\/(wz — w?)? + 4202 pw

where x is the displacement, H is the force amplitude, and w is the frequency of the forced
force, wy is the natural frequency, m is the mass of the horn, the length of the horn is /, the
cross-section is S, and the density is p, one end is fixed and the other end is free to move. It
is subjected to the combined action of transverse harmonic load Fz, elastic force k, viscous
resistance vy and periodic forcing force hcos wt.

It can be seen from the formula that the amplitude of the horn is a function of the
periodic forcing force and the vibration frequency. When the natural frequency of the horn
is the same as the frequency of the periodic forcing force, the displacement amplitude A
will have a maximum value, that is, resonance occurs.

When w? = wj — 22, the phase difference between the displacement and the forced

force is: ) )
Ap = —72—r + arctan% 9)
The resonance displacement Xmax is:
h
XYmax = —————cos(wt — g + arctang) (10)

2/ (w} — )

The resonance velocity Vmax is:

h PR—
Umax = w2 cos (wt + arctan%) (11)
\/(w2 — w3)” +4p2w?

It can be seen from Formulas (7)-(11) that when the excitation frequency is the same
as the natural frequency of the horn or its integer times, the horn will resonate, and the
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vibration amplitude is the largest. The excitation frequency is affected by cutting speed,
ultrasonic frequency, the amplitude ratio of the long axis to the short axis, and so on, in
which the cutting speed and ultrasonic frequency, and amplitude ratio of the long axis to a
short axis with each other. Therefore, as long as the natural frequency of the UEVC device
is obtained, the excitation frequency in the cutting process can be adjusted by changing the
cutting speed.

3. Experiment Scheme of UEVC

To suppress cutting chatter, the natural frequency of the UEVC device must be obtained
first. The UEVC device used in the experiment was manufactured by Toga Corporation
in Tokyo, Japan. The model is EL-50jz/LA, the ultrasonic vibration frequency is 34 kHz,
and the amplitude P-P is 4 um. The natural frequency of the horn of the ultrasonic
elliptical vibration device is detected by a laser vibrometer (Polytec Inc., Karlsruhe, Baden-
Wiirttemberg, Germany). The measured natural frequency of the ultrasonic elliptical
vibration horn is 584 Hz, as shown in Figure 3.

a) \
\

Laser vibrometer

oA

Information
- | collection system

Figure 3. (a) The natural frequency detection of UEVC device, (b) Ultrasonic elliptical vibration
cutting device, and (c) Frequency domain.

Based on the above analysis, when the excitation frequency is 584 Hz, or an integer
multiple of it, resonance occurs in the UEVC process, and the amplitude is the largest. To
study the influence of cutting chatter on cutting quality and tool wear, it is necessary to set
different machining parameters to form different cutting chatter. The ultrasonic amplitude
is P-P 4 um, the ultrasonic frequency is 34 kHz, the long and short axis ratio is 1, the feed
rate is 20 pm/r, the single crystal diamond tool arc radius is Rlmm, the tool back angle
is 15°, and the tool front angle is 0°. According to Formula (8), when the cutting speed is
1 m/min and 2.2 m/min, the excitation frequency is an integer multiple of 584 Hz, which is
34,456 Hz and 50,244 Hz, respectively. When the cutting speed is 1.5 m/min, the excitation
frequency is 34,164 Hz and the resonant displacement is the smallest. Therefore, when
studying the chatter of UEVC, three sets of experiments (serial number: 1, 2, 3) were set
up. The cutting speeds were 1 m/min, 1.5 m/min, 2.2 m/min, and the cutting depth was
4 um. This experiment mainly studies the influence of cutting chatter on cutting surface
roughness. In order to further study the effect of cutting depth on cutting chatter, another
two sets of experiments (serial number: 4, 5) were set up. When the cutting speed was
1 m/min, the cutting depth was 8 pm. When the cutting speed is 1.5 m/min, the cutting
depth is 8 um. As shown in Table 1.
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Table 1. UEVC experimental parameters.

Serial Number Cutting Speed (v) Cutting Depth (d)
1 1 m/min 4 um
2 1.5 m/min 4 um
3 2.2 m/min 4 um
4 1 m/min 8 um
5 1.5 m/min 8 um

To study the effect of chatter on tool wear in UEVC, two sets of machining parameters
with different chatter conditions were selected to carry out UEVC experiments. In the two
groups of experiments, the feed rate is 20 pm/r, the ultrasonic frequency is 34 kHz, the
ultrasonic amplitude is P-P 4 um, the tool is a single crystal diamond tool, the front angle is
0°, the back angle is 15°, the cutting arc radius is 1 mm, and the amplitude ratio is 1. By
changing the cutting speed, different cutting chatter conditions are generated under two
experimental conditions, as shown in Table 2. The total cutting length is 600 m, and each
interval is 50 m. The tool wear is detected, and the wear of the rake face and the retreat of
the flank face are measured respectively to obtain the specific tool wear.

Table 2. Experimental scheme of diamond tool wear.

Serial Number Cutting Speed Cutting Depth Cutting Distance
1 1 m/min 4 um 600 m
2 1.5 m/min 4 um 600 m

4. UEVC Experimental Device

To study the cutting chatter phenomenon in the UEVC process and the influence of
cutting chatter on cutting surface morphology and tool wear, the UEVC experiment was
carried out. The experimental material is a tungsten heavy alloy, in which the W element
content is 94.5-95.5%, the Ni content is 3.2-3.4%, and the Fe content is 1.4-1.6%. The main
properties of tungsten heavy alloy materials are shown in Table 3.

Table 3. Tungsten heavy alloy material performance parameters.

Name Tungsten Heavy Alloy (95W)
Material component 95%W, 3%Ni, 2%Fe
Heat treatment Sintering
Density (g/cm?) 18.10 + 0.15
Elongation (%) 8-22
Tensile strength (MPa) 800-1100
Hardness (HRC) 27-32
Density (g/cm?) 17.2-17.9

The lathe used in the experiment is a three-axis diamond lathe developed by the
Institute of Mechanical Manufacturing Technology, China Academy of Engineering Physics,
Chengdu, China. The machine model is UP1-9200, mainly including C/spindle, X-axis and
Z-axis. The X-axis stroke is 300 mm, the Z-axis stroke is 350 mm, the processing aperture is
200 mm, the positioning accuracy is 1 pm, and the repeated positioning accuracy is 0.5 pm.
The diameter of the test piece is 10 mm, the thickness is 6 mm, and there is a hole with
a diameter of 3 mm in the middle of the test piece. Cutting chatter is detected by a laser
vibrometer during the cutting process. The measurement distance of the laser vibrometer
is 0.5-100 m, the measurement frequency range is DC-24 MHz, the best speed resolution
is 0.02 pm/s, and the best displacement resolution is 0.15 nm. Its model is the DASP V11
multi-channel signal acquisition system, developed by the China Oriental Institute of Noise
and Vibration (DASP-V11, Orient Smart Testing Technology Co.,Ltd, Beijing, China). The
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main equipment and placement position used in the cutting experiment are shown in
Figure 4.
Ultrasonic elliptical vibration cutting device

Air spindle
Laser Vibrometer

o

Workpiece

|

a) Schematic diagram of ultrasonic elliptical vibration
cutting and vibration measurement

Z axis
Cutting depth direction |

Ultrasonic elliptical
vibration cutting
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\_i

¢) Ultrasonic Elliptical Vibration Cutting d) The measurement process of laser
Process vibrometer

Figure 4. The process of UEVC and laser vibration measurement.

5. Experimental Results Detection and Analysis
5.1. Effect of Cutting Chatter on Surface Morphology

The cutting samples under different cutting conditions are shown in Figure 5. The
sample number corresponds to the processing parameters of Table 1. Figure 5a is the
Scanning Electron Microscope (SEM) surface of sample 1. It can be seen from the figure that
the cutting residual height is generated by the feed rate. In the direction of cutting speed,
the morphological changes caused by the horn chatter cannot be seen under the scanning
electron microscope. Figure 5b is the tungsten alloy chip under this cutting condition. It is
easier to see the influence of ultrasonic vibration on the processing of the chip. Ultrasonic
vibration will cause the chip to wrinkle, which is mainly due to the UEVC characteristics.
The continuous contact and separation of the tool and the material will also change the
cutting force, which is also one of the main causes of cutting chatter.

The cutting surface morphology detection equipment is a white light interferometer,
which is produced by ZYGO company in Middlefield, CT, USA, and the model is zegage.
A 10-fold lens and confocal mode were used in the detection. The surface roughness testing
standard follows the Chinese ISO 25178 standard. The detection site of tungsten heavy
alloy cutting surface morphology is shown in Figure 6.

Figure 7 is the test results of cutting surface morphology of high specific gravity
tungsten alloy. It can be seen from the figure that there are great differences in the cutting
surface morphology of tungsten alloy samples at different cutting speeds. When the
cutting speed is 1 m/min, since the excitation vibration is an integer multiple of the
natural frequency of the horn of the UEVC device, the cutting excitation vibration and
the horn vibration resonate at this time. At this time, a regular vibration pit is formed
on the cutting surface. The depth of the vibration pit is about 0.07 um, and the surface
roughness Sa is 50 nm. When the cutting speed is 1.5 m/min, the resonance displacement
is the smallest, and the vibration amplitude of the corresponding horn becomes smaller.
Therefore, although vibration occurs during the cutting process, regular vibration pits
will not be formed on the cutting surface. The cutting depth caused by vibration is about
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0.03 um, and the surface roughness Sa is 32 nm. When the cutting speed is 2.2 m/min,
due to the cutting resonance, a uniform crater is formed. The depth of the crater is about
0.08 pm and the surface roughness Sa is 56 nm.

* Residual height =~

Mag=200X EHT=500KV ~ WD=64mm Signal A=SE;
10um FIB Probe=30

—_— _— = 4 —
Ultrasonic ampli

A X \
Mag=2.00 KX EHT=500KV WD=6.3mm Signal A=SE2 Date:28 Apr 2019

2um FIB Probe=30 KV:2nA

Figure 5. Tungsten alloy cutting surface under different cutting conditions. (a) The cutting sam-
ples under different cutting conditions: (1) v =1 m/min, d =4 pm, (2) v = 1.5 m/min, d = 4 um,
(B)v=22m/min,d =4 um, (4) v =1 m/min, d = 8 um, (5) v = 1.5 m/min, d = 8 um, and (b) The
tungsten alloy chip under the cutting condition of v = 1 m/min, d = 4 pm.

White light

interferometer -

e Workpiece

g

W %
\&f\a’“&k}é

Measuring result

-

Figure 6. Tungsten heavy alloy cutting surface topography detection site.

The cutting surface morphology under different cutting depths is shown in Figure 8.
As can be seen from the figure, the change in cutting depth will not change the excitation
frequency, so the change in cutting depth will have an impact on the vibration amplitude
value, affecting the crater depth and cutting surface morphology. When the cutting speed
is 1 m/min and the cutting depth is 8um, obvious resonance occurs. The depth of the
vibration pit is about 0.3 pm and the surface roughness Sa is 72 nm. When the cutting
speed is 1.5 m/min and the cutting depth is § um, the chatter amplitude is small, the crater
depth is about 0.2 pm and the surface roughness Sa is 43 nm.
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Figure 7. Cutting surface morphology at different cutting speeds.

In the process of UEVC of tungsten heavy alloy, cutting chatter is difficult to avoid
due to the existence of excitation frequency. However, the above experimental results show
that by changing the cutting speed, the excitation frequency can be adjusted to suppress
the cutting chatter. The cutting surface roughness under different cutting conditions is
shown in Figure 9. It can be seen from the diagram that under the same cutting depth,
due to the different cutting speeds, when the excitation frequency becomes an integer
multiple of the natural frequency of the UEVC device, the cutting surface roughness is
worse due to the cutting chatter. Under the same cutting speed, the change of cutting depth
will not affect the excitation frequency, but it will affect the vibration amplitude and the
surface roughness.
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Figure 8. Cutting surface morphology under different cutting depths.
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Figure 9. Cutting surface roughness under different cutting conditions.

5.2. Effect of Cutting Chatter on Tool Wear

The wear of single crystal diamond tools at two cutting speeds is shown in Figure 10.
Due to the different cutting chatter under the two cutting conditions, the influence of chatter
on tool wear can be analyzed. As can be seen from the figure, when the cutting speed is
1 m/min, under UEVC diamond tool cutting edge retreat amount of 14 um (Figure 10a),
flank wear of 32.5 pm (Figure 10b). When the cutting speed is 1.5 m/min, the cutting edge
retreat of the diamond tool is 8 pm (Figure 10c), and the flank wear is 18 um (Figure 10d).
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Figure 10. Diamond tool wear at different cutting speeds.

The wear of diamond tools was measured at intervals of 50 m, and the wear of diamond
tools with different cutting distances was obtained, as shown in Figure 10. According to
the principle of ultrasonic elliptical vibration cutting, the influence of cutting speed on tool
wear is highly small within the maximum cutting speed. Therefore, it can be considered
that the difference in the degree of tool wear in the figure is mainly caused by the cutting
chatter. The experimental results in Figure 6 show that the cutting chatter is severe when
the cutting speed is 1 m/min; when the cutting speed is 1.5 m/min, the cutting chatter
is low. It can be seen that with the increase in cutting distance, tool flank wear is also
increasing. At the same cutting distance, a chatter will increase the wear degree of the tool
flank. When the cutting distance is 600 m, the tool with cutting chatter has a flank wear
of 32 um. The flank wear of the tool with smaller chatter is 18 um, and the flank wear is
reduced by about 45%, as shown in Figure 11a. When the cutting distance is 600 m, the
tool with cutting chatter has a cutting edge retreat of 14 um. The tool with smaller cutting
chatter has a cutting edge retreat of 8 um, and the cutting edge retreat is reduced by about
43%, as shown in Figure 11).
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Figure 11. Diamond tool wear law under different cutting distances.

6. Conclusions

The horn in the ultrasonic elliptical vibration cutting device needs to vibrate under

the drive of piezoelectric ceramics, so its rigidity cannot be very large, so it is very likely
to produce chatter under the action of external force. And ultrasonic elliptical vibration
cutting itself is a kind of intermittent cutting; therefore, the cutting force is periodic change.
In this paper, the influence factors of cutting chatter are analyzed by establishing the
rigid /viscoplastic rod model of horn. The influence of cutting chatter on surface roughness
and tool wear was studied by using tungsten heavy alloy as experimental material. The
following conclusions are obtained.

@

@)

®)

(4)

According to the rigid /viscoplastic rod model of horn, cutting chatter is affected
by cutting speed, ultrasonic frequency, ultrasonic amplitude and other factors, and
cutting speed and ultrasonic frequency influence each other. When the excitation
frequency is the same as the natural frequency of the horn or its integer times, the
horn will resonate, and the flutter is the most severe. The cutting chatter will form
more regular pits on the cutting surface, and the pit frequency is the same as the
natural frequency of the ultrasonic elliptical vibration cutting device.

In ultrasonic elliptical vibration cutting, by changing the cutting speed, the cutting
excitation frequency in the cutting process can be changed, so that it is far away from
the natural frequency of the ultrasonic elliptical vibration cutting device, thereby
suppressing the cutting chatter and improving the cutting surface quality. When the
cutting speed is 1 m/min, 1.5 m/min, 2.2 m/min, the cutting surface roughness Sa is
50 nm, 32 nm and 56 nm.

Since the cutting depth does not change the excitation frequency, it is not the cutting
parameter that affects the chatter. However, increasing the cutting depth, the pits
will deepen on the basis of the original cutting chatter. Under the same processing
parameters, the cutting depth increases from 4 um to 8 pm, and the surface roughness
Sa changes from 50 nm to 72 nm.

In ultrasonic elliptical vibration cutting, inhibiting cutting chatter can significantly
reduce diamond tool wear, and with the increase of cutting distance, the effect of
inhibiting tool wear is more obvious. The experimental results show that when the
cutting distance is 600 m, the flank wear of the single crystal diamond tool is reduced
by about 45% and the rake face retreat is reduced by about 40%.
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