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Abstract
Ti6Al4V is usually considered difficult to machine, and therefore, it causes severe tool wear and shortens tool life while being
machined during conventional milling, leading to loss of quality and accuracy of the machined parts. In this paper, the experiment
of ultrasonic-assisted milling of Ti6Al4V was conducted to study the tool wear mechanism in ultrasonic-assisted milling process
and investigate the influence of the wear variable state of tool continuous cutting on the cutting process in ultrasonic-assisted
milling and conventional milling. The experimental analysis showed that oxidation wear, adhesive wear, and diffusion wear
occurred in ultrasonic-assisted milling; however, longer tool life was achieved when machining under the same conditions as
compared to that of conventional milling. On the other hand, the curl angle of chip generated from ultrasonic-assisted milling was
smaller than that from conventional milling in the same wear time. In addition, the burr produced by ultrasonic-assisted milling
was not obvious, and under the coupling effect of ultrasonic-assisted milling, lower cutting force, improved surface roughness,
and lower cutting temperature were obtained as compared to those of conventional milling under the same wear time.
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1 Introduction

Ti6Al4V is considered as a difficult-to-cut material because of
its low thermal conductivity, low elastic modulus, and high
chemical activity at high temperature, which can accelerate
tool wear and reduce tool service life in the process of ma-
chining. Meanwhile, rapid tool wear results in poor accuracy,
low efficiency, high cost, and poor surface quality of Ti6Al4V
parts during machining [1–5]. Ultrasonic-assisted machining
is a significant way to solve this kind of problem. Professor
Zhao Bo conducted finite element simulation by opening a
spiral groove in the conical section of the conical composite
horn, analyzed the influence of ultrasonic incidence angle on
the vibration mode and the influence of torsional to longitu-
dinal ratio in the longitudinal to torsional composite vibration,
and analyzed the influence of incidence angle on the machin-
ing effect through ultrasonic machining titanium alloy test. It

provides theoretical basis for the design of the longitudinal
torsional composite horn [6]. Li Pengtao applied ultrasonic
vibration in the axial direction of the tool and the horizontal
direction of the workpiece and analyzed the milling surface
morphology, cutting force, and tool wear under different ul-
trasonic vibration directions, to explore the influence of sur-
face morphology on friction characteristics and the influence
of ultrasonic vibration on the sawtooth degree of chips, so as
to obtain the appropriate vibration mode and processing pa-
rameters [7]. According to Professor Kang Renke’s experi-
ments, diamond cutting tools play an important role in ultra-
precision machining because of their excellent properties,
physical and mechanical material characteristics. Cutting
edges can be sharpened to nanometer level [8]. Professor
Dong Guojun carried out molecular dynamic simulation and
experimental research on tool wear mechanism in cutting alu-
minum alloy [9]. Different levels of tool wear have a direct
impact on the quality of treated Ti6Al4Vmaterial. As a matter
of fact, the cutting edge of the tool is subject to a sharpening
process at the initial stage of wear, and every edge fails to
achieve an optimal performance during machining showing
a direct impact on elastic deformation zone, which is not the
optimal machining stage [10–15]. Subsequently, the blade
becomes sharpest at the normal wear stage, leading to an
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optimum cutting performance. As a result, the best surface
quality and optimum accuracy can be obtained at this stage.
Then severe tool wear begins to occur, and the blade gradually
becomes blunt and even collapsed, which exhibits the worst
performance no matter in accuracy or quality [16–24].

Therefore, in this paper, an experiment of ultrasonic-
assisted milling of Ti6Al4V is carried out to investigate the
mechanism of tool wear and explore the influence of the var-
iable state of tool wear on the cutting process in ultrasonic-
assisted milling and conventional milling. Furthermore, the
law of influence of tool wear life and the effect of different
levels of tool wear during ultrasonic-assisted milling on chip
shape are investigated, providing the basis for machining of
Ti6Al4V parts in practice.

2 Analysis of ultrasonic-assisted milling
mechanism

2.1 Formation mechanism of sawtooth chip

As shown in Fig. 1, the second deformation area was formed
due to the extrusion and friction between the front cutter face
and the workpiece. In this area, the bottom layer of the chip
gradually slid near the rake face, and hence, separation of
material gradually slowed down at a certain time. On the other
hand, the temperature of the tool-clip interface rose sharply
because of friction, which directly affected the service life of
the tool. In this process, change in physical and dynamic con-
ditions could cause plastic deformation to occur. Friction at
the workpiece-tool-chip interface was a key factor for milling
of Ti6Al4V, resulting in high temperature, high stress, and
chemical reaction, and hence, tool wear occurred [6].

When the thermal softening effect of the material in the
shear zone is greater than that of strain hardening and strain
rate hardening, the flow stress in the material increases and
sawtooth chips are formed. The flow stress can be expressed
as the formula of strain, strain rate, and temperature in the
shear zone.

τ ¼ τ γ; γ; T
•

� �
ð1Þ

where τ is flow stress, γ is strain, γ• is strain rate, and T is
temperature.

Therefore, the adiabatic critical criterion for sawtooth chip
generation is
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So the formula that affects the critical condition of saw-
tooth chip is
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where m is strain hardening rate; n is strain hardening coeffi-
cient; and C is thermal softening coefficient.

The relationship between the critical speed of sawtooth
chip formation and strain, strain rate, and temperature is

g vð Þ ¼ gγ vð Þ þ gγ• vð Þ þ gT vð Þ ð5Þ

If the cutting speed reached the critical value, the effect of
thermal softening was greater than that of strain rate harden-
ing, causing serrated chip to form. When the cutting speed
increased, the effect of thermal softening continued to in-
crease, which made serration frequency of sawtooth chips
increase. As a matter of fact, the critical speed leading to such
serration was directly related to the strain, strain rate, and
temperature in the shear zone. Therefore, serrated chip could
be observed if changing strain, strain rate, or temperature at
constant cutting speed.

2.2 Influence of ultrasonic-assisted milling on chip
forming

In ultrasonic milling, when the cutting depth was greater
than the axial ultrasonic amplitude, the cutting edge of
the end face of the tool would not separate from the
workpiece. The side edge was a spiral structure, and its
side milling cutting model was simplified as shown in
Fig. 2. O is the origin of the model, EF is the boundary
of chip separation and the edge, φ is the helical angleFig. 1 Chip formation process
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of the side edge of the tool, vh is the axial vibration
speed of the tool, and v is the cutting speed.

During ultrasonic vibration-assisted milling, the axial dis-
placement of h at any point on the side cutting edge changing
with time is

yh ¼ H þ Asin 2πft þ ϕ0ð Þ ð6Þ

where H is the initial height of h point; A is the ultrasonic
amplitude; f is the ultrasonic vibration frequency; t is the time;
and φ0 is the initial phase. When the initial phase is zero, the
relationship between the axial velocity vh and time is

vh ¼ 2πfAcos 2πftð Þ ð7Þ

As shown in Fig. 2, the cutting area of the cutting
edge of the tool was simplified. EF is the boundary of
chip separation and the edge, and the point h was set to
the origin of coordinates, the line perpendicular to EF
direction was the coordinate axis x1, and the line along
EF direction was the coordinate axis y1. Specifying h
point as the reference point, speed components in the x1
and y1 directions can be obtained by decomposing the
cutting speed v and the axial speed vh of the tool along
the x1 and y1 directions respectively.

vx1 ¼ vcosϕþ vhsinϕ
vy1 ¼ vhcosϕ−vsinϕ

ð8Þ

Among them, vp—sine changes, so the blade will
vibrate periodically on both sides of EF. When vx1 is
less than 0, the cutting edge moves to ef, which is
separated from the chip EF, and finally, intermittent
cutting is realized.

2.3 Mechanism of milling temperature rise

Figure 3 shows the simplified schematic diagram of mill-
ing temperature model. According to the model structure
of milling cutter and cutting principle, the milling cutter
can be divided into numerous units along the spiral edge
when analyzing the cutting temperature produced in mill-
ing process. The cutting process of each unit can be sim-
plified as oblique cutting. Figure 3a, b shows the temper-
ature generated in the cutting area during milling. Results
showed that temperature rise mainly occurred in three
areas during milling, as shown in Fig. 3c including (1)
cutting area of rake face where temperature rose resulting
from friction behavior between chip and rake face; (2)
cutting area of flank face where temperature increased
due to friction between flank face and the workpiece;
and (3) plastic deformation area of the shear surface
where temperature increase occurred because of shear slip
of the metal plastic deformation [7].

In the milling process, temperature was found to change
with cutting thickness because the instantaneous cutting thick-
ness of the tool spiral edge varied. As the milling cutter rotated
during machining, the corresponding cutting thickness being
machined by spiral edge was different. Meanwhile, the tem-
perature streamline in the temperature rise area was non-uni-
form, and the cutting temperature along the helix changed
continuously. Therefore, the temperature conduction of the
spiral edge in the process of machining can be simplified as
a length change [25].

3 Experimental analysis of tool wear
mechanism in ultrasonic-assisted milling

3.1 Ultrasonic-assisted milling experimental platform

The ultrasonic-assisted milling device is mainly com-
posed of transducer, horn, magnetic coil, and ultrasonic
transmitter. A force platform and a temperature measur-
ing instrument are installed on the work platform of the
machine tool. Besides, an X-ray residual stress measur-
ing instrument is available to measure the residual stress
of the processed sample, and a scanning electron micro-
scope is employed to present the morphological struc-
tures of chip and surface of the processed sample. A
surface roughness meter is used to measure surface
roughness of the treated sample. The experimental plat-
form is shown in Fig. 4. In this paper, a TiSiN-coated
end milling cutter with diameter of 6 mm, 4 edge, and
helix angle of 45° was selected for the experiment, and
parameters commonly used in rough machining and
semi-finishing were as follows: ultrasonic-assisted ampli-
tude A = 5 μm, frequency (25 kHz), the spindle speed n

Fig. 2 Oblique cutting model
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= 4000 r/min, the feed speed f = 800 mm/min, and the
cutting depth ap = 50 μm, as shown in Table 1. Table 2
shows Ti6Al4V performance parameters.

3.2 Experimental detection and analysis of tool wear
mechanism in ultrasonic-assisted milling

The wear of milling cutter has three different stages during
machining, namely, initial wear stage, normal wear stage, and
severe wear stage. The initial wear stage is mainly determined
by the manufacturing quality of the cutting edge. After rapid
wear occurred, the cutting edge of the tool was sharpened
leading to the normal wear stage. At the stage, the surface
maintained a good quality, resulting in an optimal cutting
surface. But as machining continued, tool wear began to de-
teriorate due to cutting vibration, temperature rise, and mate-
rial hardening. In addition, melting or sticking phenomenon
was observed as the temperature of the cutting area increased
suddenly, and even cutting edge collapse occurred when
reaching a limit value. As a result, the cutting requirements
failed to be met. Figure 5 shows the morphological image of
tool wear during ultrasonic-assisted milling.

The energy spectrum analysis was carried out on the dam-
aged parts of the front and back face of the ultrasonic-assisted
milling tool by using the scanning electron microscope to
investigate the cause of tool wear, and the tool wear mecha-
nism was explored by detecting changes in the element com-
position in a specific area. Figure 6 shows the wear morphol-
ogy and EDS energy spectrum analysis of the front face of
tool during ultrasonic-assisted milling of Ti6Al4V. The com-
parative analysis of elements at A and B of the front cutter face

Fig. 4 Experimental platform

Fig. 3 Milling temperature model
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indicated that a certain number of tungsten, cobalt, nitrogen,
and oxygen elements were detected at A area of the cutter tip,
and the content of tungsten and cobalt elements in the cutter
base increased. It can be explained that the matrix elements
were exposed to air because the tool coating were worn off,
and oxidation wear occurred in the area of the front tool sur-
face during the milling process of Ti6Al4V as oxygen element
was found at the A area of the cutter tip, as shown in Fig. 6b.
However, the energy spectrum analysis illustrated that the
element composition of B area, far away from the tool tip,
did not change, indicating that no tool wear happened, as
shown in Fig. 6c. On the other hand, adhesion wear occurred
in the narrow area between the front face and the cutting edge
because the front face of the tool was bonded.

Figure 7 shows the wear morphology and EDS energy spec-
trum analysis of the back face of tool in ultrasonic-assisted
milling of Ti6Al4V. The results of comparative analysis of
elements at A and B of back cutter face indicated that a certain
content of titanium element was observed at A area of the cutter
tip and the content of titanium element increased sharply while
the content of nitrogen element in cutter base decreased, as
shown in Fig. 7b. It can be proved that diffusion wear occurred
in the area of the back face during milling. However, the ele-
ment composition at B area, far away from the tool tip, did not
change based on the energy spectrum analysis, indicating that
no wear occurred in this area, as shown in Fig. 7c.

In Figs. 6 and 7, a certain number of titanium and oxygen
elements were found on the surface of the notch in the wear
area of the ultrasonic-assisted milling tool. The wear area of
the cutting edge of the front face was narrow and the front face
of the tool was bonded. Meanwhile, results indicated that the
content of W and CO increased, and the content of Ti at tool
face increased after ultrasonic-assisted milling. It can be
proved that during ultrasonic-assisted milling of Ti6Al4V,
oxidation wear, adhesive wear, and diffusion wear occurred.
In conclusion, the wear mechanism of cemented carbide coat-
ed tool in milling Ti6Al4V mainly included oxidation wear,
adhesion wear, and diffusion wear.

3.3 Comparative analysis of tool wear in ultrasonic-
assisted milling and conventional milling

Cutting parameters, n = 4000 r/min, F = 800 mm/min, ap = 50
μm, are commonly used during roughing and semi-finishing of
Ti6Al4V. Figure 8 shows the change rule of themaximumwear
of the back face of the cutter with the tool wear time when
machining Ti6Al4V with two milling approaches under these
parameters. It can be seen in the figure that tool wear during
ultrasonic-assistedmilling was far less than that of conventional
milling, resulting in longer service life. Specifically, in conven-
tional milling, the initial wear stage, the normal wear stage, and
the severe wear stage occurred in 0–10 min, 10–40 min, and
40–50 min, respectively, and tool tipping was observed after
milling for 50 min. However, using ultrasonic-assisted milling
method, the three stages were found in 0–5 min, 5–50 min, and
50–70 min, respectively, and edge collapse occurred after mill-
ing for 70 min. Compared to conventional milling, it can be
explained that in ultrasonic-assisted machining, the cutting tool
is conducive to material shear slip, and ultrasonic is capable of
effectively inhibiting the phenomenon of chip sticking in the
process of chip separation of titanium alloy materials,
which not only allows more effective chip discharge

Table 2 Property
parameters of Ti6Al4V Density (kg/m3) 4440

Modulus of elasticity (GPa) 640

Hardness (HV) 340.6

Poisson’s ratio 0.33

Yield strength (GPa) 835

Thermal conductivity (W m/K) 6.8

Table 1 Tool wear test plan

Tool type Diameter: 6 mm, 4 edge, a
front angle of 30°, a back
angle of 14°, and a helix
angle of 45; surface coating:
TiSiN carbide milling cutter

Equipment Performance parameter

Spindle speed (r/min) 4000 Machining center Spindle: 12,000 rpm; stroke: 762 * 406 * 508 mm
Feed rate (mm/min) 800

Cutting depth (μm) 50 Dynamometer Force measuring range: Fx, Fy, Fz − 250~250 N

Steps (%) Diameter × 50% Scanning electron microscope Maximum magnification: 50,000 times
Milling method Down milling

Tool wear time (min) 10, 20, 30, 40, 50, 60, 70 X-ray residual stress measuring
instrument

Measuring angle: 0°, ± 15°, ± 45°, ± 60°
Frequency (kHz) 25

Ultrasonic amplitude
(μm)

A = 5 Surface roughness meter Measuring range: ± 250 μm
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as compared to conventional milling method but re-
quires less cutting force resulting in lower temperature.

4 Analysis of the influence of tool wear
on cutting process

4.1 Influence of tool wear time of different milling
methods on chip

Tool wear has a direct impact on chip shape. Chip formation is
actually caused by tool extrusion. When the material is squeezed
by the tool, the crystal lattice inside the material will be sheared
and slip to form chips. When the material is affected by the
external force of the tool, the internal grain stress and strain begin
to increase, andwhen the internal stress reaches the yield point of
the material, slip begins to occur. The micro-morphology of
chips and chips formed by two different cutting conditions at
different wear time is shown in Fig. 9. It can be found that the

cutting curl angle of ultrasonic-assisted milling is much smaller
than that of conventional milling at the same wear time by com-
paring the chips produced by ultrasonic-assistedmilling and con-
ventional milling tools. This is because the cutting tool can re-
strain the chip sticking phenomenon under the assistance of ul-
trasonic vibration, and the generated cutting force and cutting
temperature will be relatively low, which is conducive to chip
forming. Therefore, compared with conventional milling condi-
tions, it is more conducive to shear slip and chip outflow, and the
chip curl angle is smaller.

4.2 Influence of tool wear on cutting force in
ultrasonic-assisted milling

The degree of tool wear has a direct effect on the cutting force
produced in the cutting process. Figure 10 shows the cutting
diagram when the tool wear time of ultrasonic-assisted ma-
chining is 5–70 min. As the tool wear continued, the cutting
force obtained in each stage gradually became larger. As a

Fig. 6 a–cWear morphology and
EDS energy spectrum analysis of
the front face of tool in ultrasonic-
assisted milling of Ti6Al4V

Fig. 5 Wear morphology of
cutting tools in ultrasonic-assisted
milling. a The front cutter face is
worn. b The rear cutter face is
worn
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matter of fact, the tool wear is directly related to the perfor-
mance of chip separation during cutting. The severer the wear
is, the greater the friction between the front and back face of
the tool and the cutting layer causing higher temperature.
However, when the tool wear time reached 50–70 min, the
tool wear began to deteriorate. At this stage, the tool edgewear
deteriorated sharply, and adhesion was observed on the front
and rear tool faces of the tool or even edge breakage occurred.
As a result, the friction between the tool and the cutting layer
increased sharply and hence the temperature became higher
causing the chip separation to fail to reach a stable state and
finally cutting force increased accordingly. Compared to con-
ventional milling, in ultrasonic-assisted machining, the cutting
tool is conducive to material shear slip, and ultrasonic is

capable of effectively inhibiting the phenomenon of chip
sticking in the process of chip separation of titanium alloy
materials, which not only allowsmore effective chip discharge
as compared to conventional milling method but requires less
cutting force resulting.

4.3 Influence of tool wear on residual stress of cutting
surface in ultrasonic-assisted milling

It can be seen in Fig. 11 that when the tool wear time was
5–70 min, the residual stress of machined surface layer
showed an increasing trend. This is because the degree of
tool wear is directly related to the stability of chip separa-
tion during cutting. The severer the wear is, the greater the

Fig. 8 Comparison between the
maximum wear on the back face
of the cutter and the milling time
at each time when machining
Ti6Al4V

Fig. 7 a–cWear morphology and
EDS energy spectrum analysis of
cutting surface of tool in
ultrasonic-assisted milling of
Ti6Al4V
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friction between the cutting edge and the cutting layer.
Consequently, the cutting force becomes greater and the
temperature increases at the interface between cutting edge
and the cutting layer, leading to a greater pressure stress on
the machined surface. However, when the tool wear time
reaches 50–70 min, the tool is in the stage of severe wear.
Under these circumstance, the cutting edge wear increases
sharply, which leads to sharp increase of friction between
the tool and the cutting layer, and hence the temperature
rises and the chip separation fails to reach a stable state,
causing higher residual stress on the machined surface. It
can be seen from the figure that the surface residual stress
of conventional milling is the same when the cutting time
is the same. Because that in ultrasonic-assisted machining,
the cutting tool is conducive to material shear slip, and
ultrasonic is capable of effectively inhibiting the phenome-
non of chip sticking in the process of chip separation of
titanium alloy materials, which not only allows more effec-
tive chip discharge as compared to conventional milling
method but requires less cutting force resulting in lower
temperature. Therefore, ultrasonic-assisted milling has less

influence on the internal stress distribution than convention-
al milling.

4.4 Influence of tool wear on cutting surface
roughness in ultrasonic-assisted milling

The degree of tool wear is directly related to the surface rough-
ness of machined parts. In Fig. 12, under ultrasonic-assisted
milling, it can be seen that as tool wear time increases, the
machined surface roughness at each stage decreases first and
then increases. This is because when the tool wear time is 5
min, the tool is in the initial wear stage which is not the opti-
mal cutting stage due to the height difference between the
blades and hence the optimum surface roughness is not ob-
tained. However, when the tool wear time is 50–70 min, the
tool wear becomes deteriorated severely, causing the surface
roughness to increase dramatically. This is because when ma-
chining for 50 min, the tool is at the critical stage of normal
wear and severe wear. Under the circumstances, the tool edge
suffers from severe wear, and hence the friction between the
blade surface and the cutting layer becomes larger, leading to

(a) Conventional milling; (b) Ultrasonic assisted milling.

Fig. 9 Influence of tool wear time
of different milling methods on
chip forming under n = 4000
r/min, F = 800 mm/min, and ap =
50 μm. a Conventional milling. b
Ultrasonic-assisted milling
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an ineffective chip separation. Therefore, when the tool wear
time is 50 min, the surface roughness of the machined surface
begins to increase dramatically. As can be seen from Fig. 12,
under the same processing time, compared with the surface
roughness value obtained by conventional milling, it is found

that the surface roughness obtained by ultrasonic-assisted
milling is significantly smaller. This is because the milling
tool can inhibit chip bonding phenomenon under the assis-
tance of ultrasonic vibration, which is conducive to chip
forming, and the friction between the tool and chip on the
workpiece is smaller, so the surface roughness value obtained
by conventional milling is significantly smaller.

Fig. 10 Influence of different tool wear times on cutting force

Fig. 11 Influence of tool wear time on residual stress of cutting surface

Fig. 12 Influence of tool wear time on cutting surface roughness

Fig. 13 Influence of different wearing tools on cutting temperature
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4.5 Influence of tool wear on cutting temperature in
ultrasonic-assisted milling

In the process of machining, the cutting temperature at the tool
tip directly affects the service life of the tool. In Fig. 13, it can
be observed that the cutting temperature gradually increases
when the tool wear time is 5–70 min. This is because the
degree of tool wear is directly related to the performance of
chip separation during cutting. The severer the wear is, the

greater the friction between the blade and the cutting layer in
a certain time, causing higher temperature at the tool tip.
However, when the tool wear time reaches 50–70 min, the
tool is in the stage of severe wear, in which the blade wear
increases sharply, which leads to sharp increase of friction
between the tool and the cutting layer. As a result, increased
friction has a negative impact on the effectiveness of chip
separation, impeding thermal dissipation in a timely manner.
Therefore, the cutting temperature rises sharply.

(a) Conventional milling;            (b) Ultrasonic assisted milling.

Fig. 14 Surface morphology of
different worn tools under n =
4000 r/min, F = 800 mm/min, and
ap = 50 μm. a Conventional
milling. b Ultrasonic-assisted
milling
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4.6 Influence of tool wear on cutting surface quality

Tool wear is directly related to the surface quality of the ma-
chined part. As shown in Fig. 14, the comparative results of
the two machining methods under the same tool wear time
showed that in conventional milling, cutting mark on ma-
chined surface was obvious and the edge burr was large, and
the chip adhesion phenomenonwas observed on the machined
surface. This is because the cutting force generated in conven-
tional milling was great resulting in a higher temperature. By
contrast, the cutting force under the assistance of ultrasonic
vibration was relatively low, and ultrasonic vibration coupling
was more conducive to shear slip and chip discharge,
obtaining smaller edge burr. On the other hand, the best sur-
face quality was obtained at the normal wear stage in both
conventional and ultrasonic-assisted milling. It can be ex-
plained that height difference between the cutting edges at
the initial wear stage of the tool caused unsatisfied cutting
coupling state, so the cutting marks on the machined surface
and edge burr were relatively obvious. Furthermore, as the
tool became deteriorated severely, the quality of the machined
surface started getting worse. This is because the tool edge
suffered from a severewear at this stage, and hence the friction
between the blade surface and the cutting layer increased
resulting in temperature rise; as a result, ineffective chip sep-
aration occurred and the surface quality was greatly affected
exhibiting large burr at the edge of separation. However, when
it came to the normal wear stage, the machined surface quality
was gradually smooth.

5 Conclusions

Based on the study and investigations, the following conclu-
sions can be drawn:

1. Considering the results of energy spectrum analysis of the
damaged parts of the cutting tool front and back and
changes in element composition in specific areas, oxida-
tion wear, adhesion wear, and diffusion wear were ob-
served for the tool in ultrasonic-assisted milling of
Ti6Al4V.

2. In the ultrasonic-assisted milling process, improved tool
service life was obtained as compared to the conventional
milling method.

3. At the same wear time, the curl angle of chip generated
from ultrasonic-assisted milling was smaller and the edge
burr was not obvious as compared to that of conventional
milling.

4. Compared with the conventional method, lower cutting
force and temperature as well as improved surface rough-
ness were obtained in ultrasonic-assisted milling at the
same wear time.
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