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Abstract
Carbon-fiber reinforced silicon carbide matrix (C/SiC) composites are typical difficult-to-cut materials due to high hardness and
brittleness. Aiming at the problem of the serious tool wear in conventional milling (CM) C/SiC composite process, ultrasonic
vibration–assisted milling (UVAM) and conventional milling tests with a diamond-coated milling cutter were conducted.
Theoretical and experimental research on the cutting force during the ultrasonic vibration milling process of C/SiC composites
is carried out. Based on the kinematics analysis of tool path during ultrasonic vibration milling process, the cutting force model of
ultrasonic vibration milling is established, and the influence mechanism of ultrasonic vibration on the cutting force is revealed.
Based on the analysis of the evolution law of tool wear profile and wear curve during the traditional milling and ultrasonic
vibration milling of C/SiC, the tool wear forms and mechanism of diamond-coated milling cutters in two processing modes and
the influence mechanism of ultrasonic vibration on tool wear are revealed. It is found that the main wear mechanism of the
diamond-coated milling cutter is abrasive wear, and the main wear form is the coating peeling. Compared with the traditional
milling, the tool wear can be reduced by the ultrasonic vibration milling in machining process. In the range of test parameters, the
tool wear decreases first and then increases with the increase of ultrasonic amplitude.

Keywords Ultrasonic vibration assistedmilling . Carbidematrix composites . Tool wear

1 Introduction

C/SiC ceramic matrix composites are widely used in high-tech
industries such as aerospace, aviation, and automobile
manufacturing because of their unique characteristics of high
temperature resistance, wear resistance, chemical resistance,
and low thermal expansion coefficient [1]. For the precision
machining of such composites, many scholars have studied
the processing characteristics of such materials through tradi-
tional cutting tests. Tawakoli et al. [2] reported that the inter-
mittent grinding can reduce the grinding force and improve
the surface quality of C/SiC composites compared to the

conventional grinding. Zhang et al. [3] conducted several ex-
periments on grinding the C/SiC composites and reported that
the grinding force and surface roughness can be reduced by
increasing the grinding speed, reducing the feed rate and
grinding depth. Eneyew et al. [4] found that the machining
defects such as fiber pull-out during the drilling process of
carbon fiber reinforced composites are related to the cutting
direction and the direction of the material fibers. Voss et al. [5]
conducted several experiments on milling the carbon fiber–
reinforced polymer and reported that the milling force and tool
wear can be reduced by increasing the clearance angle.

However, C/SiC is typically difficult-to-cut due to the high
brittleness, hardness, and anisotropy, the severe tool wear of-
ten occurs during the machining process [6, 7]. Oliveira et al.
[8] suggested that the C/SiC is hard to drill even using poly-
crystalline diamond (PCD) drills. Due to the advantages of the
high processing efficiency and low cutting force, the ultrason-
ic vibration–assisted processing technology has been widely
used in precision machining of the hard and brittle materials
such as the optical glass, the ceramic, and the carbon ceramic
composite [9]. Therefore, many scholars have carried out the
theoretical modeling and experimental research on ultrasonic
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vibration–assisted processing technology. Gupta et al. [10]
conducted the ultrasonic vibration–assisted drilling experi-
ments of the bone and established an empirical model for
predicting the drilling force and torque with the spindle speed,
ultrasonic amplitude, and feed rate as variables. Jain et al. [11]
studied the influence of the vibration frequency, ultrasonic
amplitude, and spindle speed on the tool wear and reported
that the tool wear is the smallest when the coating thickness is
100 μm and the abrasive size is 30 μm. Thirumalai et al. [12]
conducted an orthogonal experimental study on low-
temperature ultrasonic vibration–assisted drilling of carbon
fiber reinforced composites and reported that reducing the
spindle speed, increasing the feed rate and ultrasonic power
is beneficial to reduce the exit burr of the machined hole. And
the increase of the amplitude increases, and decreases with the
increase of the grinding speed. Compared with the conven-
tional grinding, the ultrasonic vibration–assisted grinding is
beneficial to improve the surface quality and reduce the sub-
surface damage depth. Zhang et al. [13] reported that com-
pared with the conventional grinding, the ultrasonic
vibration–assisted grinding can improve the surface quality
and reduce the subsurface damage depth. Azarhoushang
et al. [14], conducting the finite element modeling and exper-
imental analysis, suggested that the ultrasonic vibration–
assisted grinding of C/SiC can effectively reduce the grinding
force and surface roughness. Verma et al. [15] carried out the
theoretical modeling and solution based on the mechanism of
ultrasound vibration–assisted milling and the yield strength of
materials, which can predict the temperature rise during the
machining process. Elhami et al. [16] proposed a hybrid mill-
ing process combining the characteristics of heat-enhanced
machining and ultrasonic vibration–assisted machining. Riaz
et al. [17] developed novel hot ultrasonically assisted turning
(HUAT) to improve dry turning of the Ti alloy with significant
reduction of average cutting forces without any substantial
metallurgical changes in the workpiece material. Sofuoğlu
et al. [18] selected Hastelloy-X alloy as the workpiece.
Experiments on conventional turning (CT), ultrasonic-
assisted turning(UAT), and hot ultrasonic-assisted turning
(HUAT) operations were carried out for Hastelloy-X alloy,
changing the cutting speed and cutting tool overhang lengths.
Muhammad et al. [19] developed a three-dimensional finite
element model of ultrasonically-assisted oblique cutting of a
Ti-based superalloy (Ti15V3Cr3Al3Sn). Sofuog˘lu et al. [20]
proposed that soft-computing models will help to understand
the effect of various parameters in non-traditional machining
methods. These models will give a preliminary idea before the
experiments. These models can be used as an alternative in-
stead of 2D finite element machining simulations. Less anal-
ysis time is required compared to the finite element simula-
tions. Gu¨rgen et al. [21] used cutting velocity (10–40 m/min)
and cutting tool overhang lengths (60 and 70 mm) as cutting
parameters in the experiments. The full factorial experimental

design was used. Sofuo˘glu et al. [22] studied hot ultrasonic
assisted turning technique reduces cutting forces and effective
stress significantly but cutting temperature increases com-
pared to conventional and ultrasonic-assisted turning. Cakir
et al. [23] showed that ultrasonic-assisted turning (UAT) tech-
nique gives promising results at aviation materials. UAT
changes the relationship between tool and work piece thus
reduces cutting force and temperature on the cutting zone.
Presently, ultrasonic vibration–assisted machining technology
has been widely used in the cutting field, but there are rela-
tively few researches on the tool wear during the C/SiC ultra-
sonic vibration–assisted milling process.

In this paper, the ultrasonic vibration–assisted milling
(UVAM) and conventional milling C/SiC tests with a
diamond-coated milling cutter were conducted. Aiming at
the problem of the serious tool wear in conventional milling
(CM) C/SiC composite process, ultrasonic vibration–assisted
milling (UVAM) and conventional milling tests with a
diamond-coated milling cutter were conducted. In this study,
the tool wear mechanism was studied through the detailed
observation of the tool wear curve, the tool wear profile and
tool wear of the tool side and bottom flank in milling mode
affect the cutting force and surface roughness, and reveal the
wear mechanism of diamond-coated milling cutter C/SiC.

2 Cutting mechanism

As shown in Fig. 1 in this study, the vibration direction of the
tool is along the tool axis. The sinusoidal vibration amplitude
applied in milling process is A (μm) and the vibration frequen-
cy is fz (Hz), then the axial displacement z(t) of any point on
the cutting edge at any time relative to the initial position of
the milling cutter is:

z tð Þ ¼ Asin 2π f ztð Þ ð1Þ

The axial velocity v(t) of any point on the cutting edge of
the milling cutter at any time t is:

v tð Þ ¼ 2πAf zcos 2π f ztð Þ ð2Þ

The motion equation at the nth tip of the milling cutter at
any time is:

xn ¼ v f t þ rsin ωt−nϕð Þ
yn ¼ rcos ωt−nϕð Þ
zn ¼ Asin 2π f zt þ φð Þ

8
<

:
ð3Þ

Where xn, yn, and zn are the spatial position coordinates of the
nth tip of the milling cutter, vf is the feed rate, r is the milling
cutter radius, ω is the tool rotation angular frequency, ф is the
inter-tooth angle, and φ is the initial phase angle of the
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vibration signal. As shown in Fig. 2, the trajectory of the tool
tip was simulated inMATLABwhen the cutter radius is 4 mm
and the vibration amplitude is 5 μm. The trajectory of the tool
tip is changed by the axial vibration. The tool tip makes the
feed motion in the xoy plane, vibrates up and down in the z
direction, the tool and the workpiece are periodically separat-
ed. The interaction between the cutting edge and the material
is changed, there are the axial hammering effects besides the
shearing and plowing effects. In the ultrasonic vibration–
assisted machining, on the one hand, the cooling and chip
removal conditions can be improved due to the periodic con-
tact and separation between the tool and the workpiece. On the
other hand, the high-frequency hammering action makes the
material removed in the form of debris, and the cutting edge
can be sharpened by the hard particles. Therefore, the ultra-
sonic vibration–assisted machining can reduce the tool wear
and improve the tool life.

3 Experiment design

3.1 Material and tool

As can be seen in Fig. 3, the workpiece material was car-
bon fiber–reinforced silicon carbide matrix composite
C/SiC, which was consisted of carbon fibers, SiC matrix,
and some randomly distributed voids. The mechanical
properties of materials are shown in Table 1. The dimen-
sions of the workpiece were 78 × 64 × 12 mm, and the vol-
ume fraction of the material was 40%. Because C/SiC com-
posites contain silicon carbide matrix and the hardness is
second only to the diamond, CVD (chemical vapor depo-
sition) diamond-coated milling cutters were selected as
cutting tools. In this study, diameters of milling cutters
were 3 mm and 5 mm, respectively. The cutting tool pa-
rameters are shown in Table 2.
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Fig. 1 Schematic diagram of ultrasound vibration–assisted milling
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3.2 Experimental apparatus

The experimental platform of C/SiC ultrasonic vibration–
assisted milling and cutting force measurement is shown in
Fig. 4. The experimental machine is equipped with DMU 80
monoBLOCK five-axis high-speed machining center. The
cutting force measurement system consists of the Kistler dy-
namometer, data collector DAQ, and computer with
Dynoware data processing software. The ultrasonic
vibration–assisted machining system consists of the ultrasonic
power supply, positioning block, and ultrasonic tool shank. In
the process of ultrasonic vibration milling, the form of inter-
action between the tool and the material changes not only
shearing, plowing, etc. but also axial hammering. Axial ultra-
sonic vibration assist effect has the greatest influence on axial
cutting force, and because the shear flow angle and chip flow
angle change during ultrasonic vibration cutting, ultrasonic
vibration milling also has a certain cutting force in the feed
direction and vertical feed direction. Degree of influence. The
frequency of ultrasonic vibration changes with the natural fre-
quency of the tool. Considering the material characteristics,
excessive ultrasonic amplitude will destroy the surface prop-
erties of the material. Therefore, an ultrasonic amplitude of 2
to 10 μm is used in this test. The specifications of the ultra-
sonic tool shank are HSK63A-U24KNR06 with coaxiality
less than 5 μm. The vibration frequency ranges from 20 to
24 kHz. The operating principle of is that the alternating cur-
rent is converted into high-frequency oscillating electric signal

by the ultrasonic power supply, which provides energy for the
whole ultrasonic vibration system and makes the ultrasonic
tool shank produce a certain amplitude of axial vibration.
After the cutting test is completed, the coated milling cutter
and processed groove are cleaned by the ultrasonic cleaner.
The surface morphology of the side edge, the bottom edge,
and processed groove were observed by the Keynes VK-X100
laser scanning microscope and JEOL JSM-6010LA scanning
electron microscope.

In this paper, the laser Doppler vibrometer is used tomeasure
the amplitude and frequency of the ultrasonic tool shank. The
detection devices include a laser measuring head, and a laser
Doppler vibrometer host. The measuring distance of the laser
measuring head ranges from 0.5 to 3 m. The measuring fre-
quency ranges from 0.1 to 250 kHz. The experimental device
for measuring the amplitude and frequency is shown in Fig. 5.

3.3 Experimental parameters

In order to analyze the influence of ultrasonic vibration–
assisted machining on the cutting performance and tool life
of diamond-coated milling cutters, the tool wear tests under
different ultrasonic amplitudes were carried out. The machin-
ing method was slot milling and the tool diameter was 5 mm.
The flank wear width VB is used to evaluate tool wear resis-
tance and breakage resistance. The experimental cutting
length is 780 mm. During the experiment, the tool wear profile

Voids

Carbon fibers

SiC matrix
500 mµ

Fig. 3 Micromorphology of C/SiC

Table 1 Mechanical characteristic parameters of C/SiC

Material properties Value

Density(g cm−3) 2.58

Elastic modulus (GPa) 206.5

Specific stiffness (106N m kg−1) 80

Thermal conductivity (W m−1 K−1) 126.2

Thermal deformation coefficient (10−8 m W−1) 0.93

Clamp

Ultrasonic
tool shank

Workpiece
Tool

Dynamometer

Fig. 4 C/SiC ultrasonic-assisted milling and cutting force measurement
test platform

Table 2 The cutting tool parameters

Diameter
(mm)

Total length
(mm)

Cutting edge
length (mm)

Helixangle
(°)

Number of
cutter teeth

5 75 25 45 4

428 Int J Adv Manuf Technol (2020) 107:425–436



was observed with a cutting length of 78 mm. The cutting
parameters are shown in Table 3.

In order to study the influence of ultrasonic amplitude on
tool wear during the C/SiC milling process, single-factor ex-
periments of tool wear were performed under the condition of
removing the same volume of C/SiC material (702 mm3). The
ultrasonic amplitude single-factor tool wear test tool diameter
is 3 mm, milling method is the slot milling, dry cutting. The
reduction of cutting force is the most significant advantage
and important evaluation index of ultrasonic vibration ma-
chining technology. Gupta and Pandey [24] established an
ultrasonic drilling process by using ultrasonic bone-drilling
tests with spindle speed, ultrasonic amplitude, and feed rate
as variables Predictive empirical models for cutting forces and
torques. Teimouri et al. [25] developed a new turning process
using high-frequency vibrating rotary tools. Using cutting
speed, tool speed and feed speed as variables, they designed
and conducted a three-factor and three-level aluminum alloy
turning test. According to the test results, an empirical predic-
tion model of cutting force is established and the process pa-
rameters are optimized. The results show that under certain

process parameters, the cutting speed is 9.71 m/min, the tool
speed is 98.63 r/min, and the cutting force is the smallest when
the feed speed is 0.08 m/min. By carrying out milling test of
multiple sets of cutting parameters, considering the reduction
of cutting force and the improvement of tool life, the experi-
mental parameters in Table 4 were selected. The ultrasonic
vibration processing frequency is 21.65 kHz.

4 Results and discussion

4.1 Analysis of surface defects and chip morphology
in milling

4.1.1 Surface defects

When milling speed v = 7.85 m/min, feed per tooth f =
0.02 mm/z, axial cutting depth ap = 0.2 mm, traditional

Laser
measuring

head

Ultrasonic tool shank

Ultrasonic power supply

Laser Doppler
vibrometer host

Fig. 5 Ultrasonic vibration amplitude and frequency test device

Table 3 Tool wear test
parameters Parameter Value

Cutting speed vf (m/min) 62.8

Feed per tooth f (mm/z) 0.02

Axial depth of cut aw (mm) 0.2

Ultrasonic amplitude A (μm) 0 2 6 10

Ultrasonic frequency (kHz) 21.19

Table 4 Test parameters

Serial
number

Cutting
speed
v (m/min)

Ultrasonic
amplitude
A (μm)

Feed per
tooth f
(mm/z)

Axial depth of
cutaw (mm)

1 62.8 2 0.02 0.3
2 62.8 4 0.02

3 62.8 6 0.02

4 62.8 8 0.02

5 62.8 10 0.02

Int J Adv Manuf Technol (2020) 107:425–436 429



milling, and ultrasonic vibration milling experiments with ul-
trasonic amplitude A = 10 μm were performed, using scan-
ning the electron microscope was used to measure the surface

defects of the workpiece in the two processing methods at
different magnifications, as shown in Figs. 6 and 7. It can be
seen that, whether in traditional milling or ultrasonic vibration
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Fig. 6 Traditional milling surface
defects
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Fig. 7 Ultrasonic vibration milling surface defects
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milling, the surface defect characteristics of C/SiC composites
include fiber breakage, matrix breakage (Figs. 6a and 7a), pore
collapse, and fiber extraction (Figs. 6b and 7b), fiber-layered
brittle fracture, cracks (Figs. 6c and d, 7c and d). Comparing
Figs. 6a and 7a, it can be found that in the ultrasonic vibration
milling process, the matrix breakage of the material has been
improved, but the damage such as fiber breakage has not been
significantly improved. The periodic separation of the tool and
the workpiece reduces the compression and friction between
the workpiece and the tool. On the other hand, the ultrasonic
vibration–assist effect reduces the fracture toughness and cut-
ting force of the contact area between the cutting edge and the
material during processing. Under the combined effects of
these two factors, the surface defects in ultrasonic vibration
milling have been improved to a certain extent compared to
traditional milling.

4.1.2 Chip morphology analysis

When milling speed v = 7.85 m/min, feed per tooth f =
0.02 mm/z, axial cutting depth ap = 0.2 mm, and milling ex-
periments without ultrasound and ultrasonic amplitude A =
10 μm were performed, using Zeiss optics microscope mea-
sures chip morphology in two processing methods, as shown
in Fig. 8. Strip chips and block chips appeared in both pro-
cessing methods. C/SiC composites are mainly composed of

carbon fiber and SiC matrix. During the cutting process, the
shearing and friction between the matrix material SiC and the
diamond-coated tool causes SiC to generate micro-cracks and
then break, thereby forming block chips This kind of irregular
block chip is also the typical chip for the brittle removal pro-
cess of hard and brittle materials. In both processing methods,
C/SiC has fiber breakage and pull-out phenomena. Therefore,
the elongated chip mainly considers the carbon fiber rein-
forced phase in the material. Comparing Fig. 8a, b, it can be
found that the chip size during ultrasonic vibration milling of
C/SiC is smaller than that of traditional milling. This is be-
cause the hammering of ultrasonic vibration causes micro-
cracks in the chips, which reduces the strength of the chips.
It is more conducive to chip breaking during processing, and
smaller chips are easier to be discharged during processing.
Therefore, ultrasonic vibration milling can reduce the cutting
temperature and reduce the scratch of the hard surface on the
processed surface, thereby improving the quality of the proc-
essed surface.

4.2 Tool wear curve

The tool wear curves of the tool side blade and the flank of the
shear blade under different ultrasonic amplitudes are shown in
Fig. 9. As the length of the cutting increases, the width of the
wear band of the side blade of the milling cutter and the flank

(a) Traditional milling

(b) Ultrasonic vibration milling

1853µm

3000µm 500µm

1293µm

3000µm 400µm

Fig. 8 Chip morphology analysis
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of the shear blade increases. In the process of the conventional
milling, the cutter has a serious wear when the cutting length
reaches 780 mm, and the wear width of the side blade and the
shear blade exceeds 500 μm. Compared with the conventional
milling, the ultrasonic belt-assisted milling amplitude of 6 μm
is reduced by 28.06% and 33.12%, respectively in the flank
and bottom flank of the 780 mm C/SiC. Ultrasonic vibration
processing can effectively reduce tool wear and improve tool
life. Ultrasonic amplitude at intermediate value (6 μm) re-
duces tool wear and improves tool life.

4.3 Effect of ultrasonic amplitude on tool wear

The effect of ultrasonic amplitude on tool wear is shown in
Fig. 10. The flank wear of the side blade and bottom edges of
the milling cutter decreases first and then increases with the
increase of the ultrasonic amplitude. When the ultrasonic am-
plitude is 6 μm, the tool wear is minimal.

When the milling speed v = 62.8 m/min, the feed per tooth
f = 0.02 mm/z, and the axial depth of cut ap = 0.2 mm, the
ultrasonic vibration milling test is carried out with different
ultrasonic amplitudes A. The ultrasonic amplitudes are 2 μm,
4 μm, 6 μm, 8 μm, and 10 μm. Within the range of test
parameters, the surface roughness of the workpiece decreases
first and then increases with the increase of the ultrasonic
amplitude. The workpiece surface roughness is the smallest
when the amplitude is 6 μm. The ultrasonic vibration–
assisting effect can reduce surface damage and surface rough-
ness to a certain extent. Properly increasing the ultrasonic
amplitude can improve the effect of ultrasonic vibration on
suppressing surface damage. However, excessive ultrasonic
amplitude will damage the stability of the processing system,
but will increase the surface roughness of the workpiece.

4.4 Tool wear mechanism

A scanning electron micrograph of the wear profile of the
diamond-coated cutter behind the side flank with the cutting
length of 780 mm is shown in Fig. 11. It can be seen from the
figure that in the process of the conventional milling and ul-
trasonic vibration assisted milling, there is a phenomenon in
that the coating of the flank of the side blade of the milling
cutter peels off and the blade is chipped. When the ultrasonic
amplitude is 6 μm, the peeling area of the flank of the side
blade of the milling cutter is small, and the vicinity of the
cutting blade is only slightly chipped. When the ultrasonic
amplitude is 2 μm and 10 μm, the chipping of the side flank
coating of the side blade of the milling cutter and the chipping
of the chipping blade near the cutting blade are slightly im-
proved. It can be seen from the above analysis that when the
ultrasonic amplitude of 6 μm is applied, it is most beneficial to
improve the wear of the flank face of the milling cutter during
the cutting process.

(a) Side edge wear curve (b) Bottom edge wear curve
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The scanning electron micrograph and energy spectrum
analysis of the wear profile of the bottom flank of the
diamond-coated cutter at a cutting length of 780 mm are
shown in Fig. 12. It can be seen from the figure that the wear
pattern of the flank of the shear blade in the bottom of the tool
is the same as that of the side blade, that is, the coating peels
off and the breakage appears. When the ultrasonic amplitude
is 6 μm, it is most beneficial to improve the wear of the flank
of the milling cutter in the process of cutting. From the energy
spectrum analysis in Fig. 12, the main elements in the peeling
area of the tool coating include C, W, and Co, which are the
main elements of the diamond-coated carbide matrix, so there
is still the wear of the cemented carbide matrix in the peeling
area of the coating. The main elements of the alloy substrate,
which did not have the wear in the coating peeling area, main-
ly include C and it is the main element of the tool diamond
coating. The anisotropy of C/SiC ceramic matrix composites
is mainly removed by brittle fracture of fiber-reinforced phase.
The cemented carbide particles peeled off from the tool base
during the procedimiento, the SiC matrix of the material itself
and the high-hard carbon fiber reinforcement are equal. As the
hard point of the cutting acts as the abrasive, the cutting blade
undergoes the dynamic load and the mechanical scratching
action of the fiber, which leads to the faster wear of the tool
during the machining. Therefore, the hard point wear is the
main wear of the ceramic-based composite machining tool.
Mechanism, coating peeling is the main form of wear.

4.5 Influence of tool wear on cutting force

The effect of tool wear on the average cutting force during
milling is shown in Fig. 13. The flank wear of the tool has no
obvious influence on the cutting force Fx in the feed direction.
For the vertical feed direction and the axial cutting force Fy, Fz,
whether ultrasonic machining or conventional machining, the
cutting force has a trend of increasing as the tool wear increases.
The ultrasonic amplitude has no obvious influence on the cut-
ting force Fx in the feed direction. For the vertical feed direction
and the axial cutting force Fy, Fz, the amplitude of the interme-
diate value (6 μm) reduced the cutting force to some extent.

4.6 Influence of tool wear on cutting force surface
roughness

The surface roughness Ra of the C/SiC groove bottom surface of
the diamond coated milling cutter changes as shown in Fig. 14.
It can be seen from the figure that as the length of the cutting
increases, the surface roughness of the processing groove does
not change much. Therefore, as the length of the cutting in-
creases, the tool wear generated by the diamond-coated milling
cutter has no significant effect on the surface roughness. When
the amplitude is 6 μm, the surface roughness of the groove is
reduced to some extent compared with the ultrasonic amplitude
of 6 μm. Therefore, the surface quality of the groove is best
when the ultrasonic amplitude is 6 μm.
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Fig. 11 Side blade flank wear
profile

Int J Adv Manuf Technol (2020) 107:425–436 433



(a) amplitude A= 0 µm                           

200 m

Chipping

 

(b) amplitude A= 2 µm 

 

(c) amplitude A= 6 µm 

 

(d) amplitude A= 10 µm 

200

Chipping

Coating
spalling

200

Coating
spalling

Chipping

200

Chipping

Coating
spalling

µ

mµ

mµ

mµ

Fig. 12 Wear profile and energy
spectrum analysis of the flank of
the end teeth

434 Int J Adv Manuf Technol (2020) 107:425–436



Compared with traditional milling, ultrasonic vibration
milling can reduce tool wear. The main reasons are as follows:
(1) From Section 4.1 (when milling speed v = 7.85 m/min,

feed per tooth f = 0.02 mm/z When the axial cutting depth
ap = 0.2 mm, and milling experiments without ultrasonic and
ultrasonic amplitude A = 10μmwere performed, and the mor-
phology of the chips in the two processing methods was mea-
sured using a Zeiss optical microscope, as shown in Fig. 8.
Strip cutting and block cutting appear in all kinds of process-
ing methods. C/SiC composites are mainly composed of car-
bon fiber and SiC matrix. As can be seen from the analysis of
the section, the auxiliary effect of ultrasonic vibration makes
the material Debris removal, thereby improving chip removal
conditions during slot milling, reducing squeeze and friction
between chips and the tool, thereby reducing tool wear; (2)
The ultrasonic vibration assists the periodic contact and sepa-
ration of the tool and the workpiece, which not only reduces
the force on the tool [26] but also improves the cooling con-
ditions and thus reduces the grain boundary fatigue damage of
CVD diamond at high temperatures.

5 Conclusions

In this study, the tool wear mechanism was studied through
the detailed observation of the tool wear curve, the tool wear
profile. and tool wear of the tool side and bottom flank in
milling mode affect the cutting force and surface roughness,
and reveal the wear mechanism of diamond-coated milling
cutter C/SiC.

(1) Within the range of selected test parameters, the wear of
the side edge and the shear edge of the CVD diamond-
coated milling cutter during C/SiC milling process have
the same change laws along with the process parameters.
As the ultrasonic amplitude increases, the tool wear de-
creases first and then increases, and the wear is minimal
at 6 μm.

(a) Effect of tool wear on cutting force Fx
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(b) Effect of tool wear on cutting force Fy
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(c) Effect of tool wear on cutting force Fz
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Fig. 13 Effect of tool wear on cutting force
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Fig. 14 Effect of tool wear on surface roughness
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(2) UVAM can respectively reduce the wear band width of
the side edge and the bottom edge flank 28.06% and
33.12%.

(3) In the C/SiC milling process of CVD diamond-coated
milling cutter, the main wear mechanism of the tool flank
is abrasive wear, and the main wear form is coating
peeling.Compared with traditional milling, when the am-
plitude is taken as the middle value (6 μm), the tool flank
wear is significantly reduced.

(4) The flank wear of the tool has no obvious influence on
the cutting force Fx in the feed direction. For the vertical
feed direction and the axial cutting force Fy, Fz, whether
ultrasonic machining or conventional machining, as the
tool wear increases, the cutting force has the trend of
increasing. The intermediate value (6 μm) reduced the
cutting force to some extent.
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