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Abstract. Previous research has found that the peripheral and end cutting edges of the cutter had different cut-
ting mechanisms in the micro end cutting process considering the size effect. This investigation is a further study
on this point considering the cutting edge radius of the cutter and the material of the workpiece based on the
methods of finite element simulation and the micro end cutting experiment. This study adopts a combination of
simulation and experiment research methods and the cutting edge radius and the workpiece material as two vari-
ables. Considering the cutting mechanisms of the peripheral cutting edge and the end cutting edge are different,
the peripheral cutting edge and the end cutting edge are studied respectively. Meanwhile, the minimum unde-
formed chip thickness (MUCT) value is determined in three ways, chip morphology, cutting force, and surface
roughness, so the final result obtained by comparing three kinds of results has a very important reference value.
Not only are the chip morphology obtained by finite element simulation and the surface roughness obtained by
the micro end cutting experiment used to identify the MUCT value, but also the cutting force. The simulation
and experimental results show that the cutting force can be used to identify the MUCT value for the peripheral
cutting edge, but it cannot be used for the end cutting edge. The MUCT value increases with the increase of the
cutting edge radius, no matter which process it is. The material property has some effects on the MUCT value;
even the cutting parameters and the cutting edge radius remain unchanged for the peripheral cutting edge. How-
ever, the material property has no effect on the MUCT value for the end cutting edge. In this study, the influence
of important variables on MUCT is studied as much as possible to reflect a real application situation.

1 Introduction

Micro end milling is capable of manufacturing micro parts
with relatively complex three-dimensional (3D) features in
multifarious materials (Dornfeld et al., 2006). It is widely
used in the fabrication of micro engine parts, micro medi-
cal parts, and micro optics devices because of the high effi-
ciency, good flexibility, and low manufacturing process cost.
The size effect is an extraordinary phenomenon that only ap-
pears in the micro cutting process, which is significantly dif-
ferent compared to the macro cutting process. It is very im-
portant that the size effect has a direct effect on the surface
quality of the machined workpiece. Therefore, the size effect
needs to be studied in depth in order to improve the surface

quality of parts to be manufactured by the micro end milling
process.

Aramcharoen et al. (2009) conducted an investigation on
the influence of the ratio of the undeformed chip thickness
(UCT) to the cutting edge radius through a micro milling
experiment with the material H13 hardened tool steel. The
result of this research indicated the size effect is remarkable
when the ratio of UCT to the cutting edge radius is less than
1. It was also found that the best surface finish is obtained
when the UCT is selected to be the same value as the cut-
ting edge radius for the micro machining of H13 hardened
tool steel. Meanwhile, the geometry of the cutting edge has
a significant influence on the surface finish and burr size in
micro milling. Vipindas et al. (2018) conducted a series of
micro end milling experiments with the material Ti-6Al-4V
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titanium alloy in order to study the effect of the cutting edge
radius on the cutting force, surface roughness, and chip for-
mation. It was found that the critical feed per tooth value is
about 1/3 of the cutting edge radius. That means a greater
plowing mechanism will appear when the feed per tooth is
less than the critical value. Wu et al. (2016) conducted an
investigation on the plowing force in the micro cutting pro-
cess considering the cutting edge radius. They found that
the larger cutting edge radius is accompanied by the greater
plowing force because of more materials being removed by
the cutting edge and because the plowing force increases
when the UCT increases (Wu et al., 2016). Wojciechowski
et al. (2019) have used a numerical–analytical approach to
investigate the relationship between the minimum uncut chip
thickness and the plowing force and ascertained the regimes
that are burnishing-dominant and chip-formation-dominant.
They found that the burnishing-dominant regime in micro
end milling will take place when hmin/fz ≥ 0.66, but the
chip-formation-dominant regime in micro end milling will
take place when hmin/fz<0.66 (Wojciechowski et al., 2019).
Oliveira et al. (2015) have conducted micro milling experi-
ments with the material AISI 4045 steel to study the relation-
ship between the size effect and the tool edge radius. They
found that the minimum undeformed chip thickness (MUCT)
varied between 22 % and 36 % of the tool edge radius with-
out considering the workpiece material, mechanical machin-
ing process, and tool geometry (Oliveira et al., 2015).

As stated above, the size effect has a close relationship
with the MUCT and has a direct influence on the chip forma-
tion, cutting force, surface roughness, and burr size. Some re-
searchers have selected different cutting edge radii to study,
but they have not considered whether the workpiece material
has an influence on the MUCT. Therefore, in order to study
the relationship between the cutting edge radius, workpiece
material, and the MUCT in depth, we conduct some simu-
lations and experiments based on our previous studies, and
we also add the cutting force as a judgment condition to as-
sist in obtaining the MUCT. Meanwhile, both the peripheral
cutting edge and end cutting edge need to be studied sepa-
rately according to our previous research conclusion (Cheng
et al., 2014). In order to reduce the influence of the geomet-
ric parameters on the experiment results, only the geometric
parameter of the cutting edge radius is a variable for the se-
lected cutting tool used in this study, and other geometric
parameters are consistent (Cui et al., 2019, 2020a, b).

2 Process and parameter selection

Three kinds of workpiece materials, H59 copper, 304 stain-
less steel, and 6061 aluminum alloy, are selected on the fi-
nite element simulations and micro milling experiments for
both the peripheral cutting edge and the end cutting edge in
this study. These three materials are commonly used in me-
chanical processing, and their material properties have some

Figure 1. Cutting tool.

differences. Different workpiece materials can be selected
to verify whether the material properties have an impact on
MUCT. The properties of the three kinds of materials are
shown in Table 1.

The cutter has the same macro geometries in the exper-
iments as shown in Fig. 1, and the specific parameters are
shown in Table 2. All micro end cutters used have identical
geometries except the cutting edge radii. Based on our pre-
vious research, four kinds of micro end cutters with cutting
edge radii of 1, 3, 5, and 7 µm are selected in this study.

Based on the conclusions of literature (Cheng et al., 2018;
Li et al., 2021), the cutting parameters are selected for the
peripheral cutting edge and the end cutting edge, as shown in
Tables 3 and 4, respectively.

3 Simulation

Deform-3D software is selected to conduct the finite element
simulation for the simulation of the peripheral cutting edge
and the end cutting edge in micro milling. The 3D model is
established by SolidWorks software and is then exported into
Deform-3D software. The material properties of the cutting
tool and workpiece are selected from the Deform-3D mate-
rial database. In order to improve the accuracy of simulation,
the mesh on the contact position of cutting edge and work-
piece is subdivided.

According to the recognition condition for the size effect
as mentioned in literature (Cheng et al., 2018), chip mor-
phology can be used to judge the MUCT value; when the
chip is generated along the entire cutting edge, we deem the
UCT value to have attained the MUCT value. Meanwhile,
the cutting force can also be used to judge the MUCT value.
The cutting force does not always increase with the increase
of cutting parameters due to the existence of the size effect.
Therefore, the turning point of the cutting force can be used
to determine the MUCT value (Wojciechowski et al., 2019).
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Table 1. Properties of the workpiece material.

Material Elastic Shear elastic Poisson Thermal Specific Density
modulus modulus ratio conductivity heat (kg m−3)

(N mm−2) (N mm−2) (W m K−1) (J kg K−1)

H59 copper 100 000 37 000 0.33 110 390 8500
304 stainless steel 190 000 75 000 0.29 16 500 8000
6061 aluminum alloy 69 000 26 000 0.33 170 1300 2700

Table 2. Parameters of the cutting tool.

Diameter Rake angle of Flank angle of Rake angle Flank angle Coating
the peripheral the peripheral of the end of the end

edge edge edge edge

0.5 mm 15◦ 10◦ 14◦ 10◦ TiAlN

3.1 Micro end milling simulation of peripheral cutting
edge

According to the MUCT identification method is mentioned
above, the simulation results for when only the peripheral
cutting edge is engaged are analyzed, and all MUCT values
are concluded and shown in Table 5.

The simulated milling forces of peripheral cutting edge in
the three directions are shown in Fig. 2. The numerical values
of the milling forces in the three directions are exported by
Deform-3D software, and then the milling resultant force F

is calculated by Eq. (1).

F = (F 2
x +F 2

y +F 2
z )1/2 (1)

The milling resultant force F of process no. 1 is shown in
Fig. 3, and the milling resultant force F of process no. 2 is
shown in Fig. 4.

As shown in Fig. 3a, the milling force analysis for
6061 aluminum alloy material in micro end cutting when
only the peripheral cutting edge is engaged can be found via
process no. 1. The milling force presents a rising trend when
feed per tooth fz increases from 0.1 to 0.3 µm, mainly be-
cause the cutting thickness has not obtained the minimum
undeformed cutting thickness in that moment. Therefore,
a continuous chip can not be generated. And the milling
force increases due to the extrusion, friction, and plowing
mechanism between the workpiece and the cutting edge. The
milling force presents a downward trend when feed per tooth
fz increases from 0.3 to 0.4 µm, mainly because the cut-
ting thickness has obtained the minimum undeformed cut-
ting thickness in that moment. Therefore, a continuous chip
can be generated. And the milling force decreases due to the
decrease of the plowing mechanism. Therefore, according to
the changing trend of the cutting force, 6061 aluminum alloy
material is used for the peripheral micro milling by process
no. 1 when the radius of the edge circle is 1 µm, and the mini-
mum undeformed cutting thickness is reached when the feed

per tooth is 0.4 µm; the corresponding minimum undeformed
cutting thickness is 0.4 µm.

As shown in Fig. 3c, the milling force analysis for H59
copper material in micro end cutting when only the pe-
ripheral cutting edge is engaged can be found via process
no. 1. The milling force presents a rising trend when feed per
tooth fz increases from 0.5 to 1.0 µm, and the milling force
presents a downward trend when feed per tooth fz increases
from 1.0 to 1.5 µm. The reasons for this situation are consis-
tent with Fig. 3a. However, the milling force presents an in-
creasing trend again when the feed per tooth increases from
1.5 to 2.0 µm, mainly because with the increase of cutting
parameters, the material removal rate increases per unit of
time, leading to an increase in cutting force, which is consis-
tent with the phenomenon of macro cutting (Li et al., 2020).
Therefore, according to the changing trend of the cutting
force, H59 copper material is used for the peripheral micro
milling by process no. 1 when the radius of the edge circle
is 5 µm, and the minimum undeformed cutting thickness is
reached when the feed per tooth is 1.5 µm; the corresponding
minimum undeformed cutting thickness is 1.5 µm.

Based on the above analysis methods, all simulation re-
sults of cutting force are analyzed and summarized, and all
MUCT values are shown in Table 5.

According to the simulated results in Table 5, there is little
difference between the MUCT values obtained by the chip
morphology and the MUCT values obtained by the cutting
force. In other words, both the chip morphology and the cut-
ting force can be used to identify the MUCT values when
only the peripheral cutting is engaged in micro end cutting.
The MUCT values increase with the increase of the periph-
eral cutting edge radius. At the same time, there are some
differences in the MUCT values of different workpiece ma-
terials, even though micro milling parameters remain invari-
ant.
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Table 3. Parameter selection for the peripheral cutting edge.

Feed per tooth fz (µm)

Cutting edge Process no. 1 Process no. 2
radius (µm) (ae = 300 µm) (ae = 100 µm)

1 0.1; 0.2; 0.3; 0.4 0.13; 0.25; 0.38; 0.50
3 0.3; 0.6; 0.9; 1.2 0.38; 0.75; 1.13; 1.50
5 0.5; 1.0; 1.5; 2.0 0.63; 1.25; 1.88; 2.51
7 1.5; 2.0; 2.5; 3.0 1.88; 2.51; 3.13; 3.76

Figure 2. Simulated milling forces of the peripheral cutting edge.

Table 4. Parameter selection for the end cutting edge.

Cutting edge Axial depth of
radius (µm) cut ap (µm)

1 0.2; 0.4; 0.6; 0.8; 1.0; 1.2
3 0.5; 1.0; 1.5; 2.0; 2.5; 3.0
5 1.5; 2.0; 2.5; 3.0; 3.5; 4.0
7 1.5; 2.5; 3.5; 4.5; 5.5; 6.5

3.2 Micro end milling simulation of the end cutting edge

According to literature (Cheng et al., 2014), the axial depth
of cut ap is the undeformed chip thickness for micro milling
by the end cutting edge. In order to obtain a good surface
quality, we also deem the critical cutting condition is satis-
fied when the chip is produced along the entire cutting edge.

Similarly, the simulation results when only the end cutting
edge is engaged are analyzed based on our previous analysis
method, and all MUCT values are concluded and shown in
Table 6 (Li et al., 2020).

The simulated cutting forces of the end cutting edge in the
three directions are shown in Fig. 5. And the milling resultant
force F is also calculated by Eq. (1). The milling resultant
force F of the end cutting edge is shown in Fig. 6.

As shown in Fig. 6, the milling force F tends to increase
with the increase of cutting parameters, which is inconsistent
with the milling force result of the peripheral cutting edge.
Therefore, the same method that was used in the analysis of
the peripheral cutting edge of the cutting force cannot be used
to determine the MUCT of the end cutting edge.
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Table 5. MUCT-simulated results of the peripheral cutting edge.

MUCT by the chip morphology (µm) and
MUCT by the cutting force (µm)

Peripheral cutting H59 304 6061
edge (µm) copper stainless steel aluminum alloy

1 Process no. 1 0.4 0.4 0.4 0.4 0.3 0.4
Process no. 2 0.4 0.4 0.4 0.4 0.4 0.4

3 Process no. 1 1.2 1.2 1.2 1.2 0.9 0.9
Process no. 2 0.9 0.9 1.2 1.2 0.9 0.9

5 Process no. 1 1.5 1.5 1.5 2.0 1.5 1.5
Process no. 2 2.0 2.0 2.0 2.0 2.0 2.0

7 Process no. 1 2.0 2.0 2.5 2.5 2.0 2.0
Process no. 2 2.5 2.5 2.5 2.5 2.5 2.5

Figure 3. Milling force results of the peripheral cutting edge (process no. 1).
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Figure 4. Milling force results of the peripheral cutting edge (process no. 2).

Table 6. MUCT-simulated results of the end cutting edge.

MUCT by the chip morphology (µm)

End cutting H59 304 6061
edge (µm) copper stainless steel aluminum alloy

1 0.8 0.8 0.8
3 1.5 1.5 1.5
5 3.5 3.5 3.5
7 4.5 4.5 4.5

3.3 Discussion

As shown in Fig. 7, the peripheral edge is a spiral curve,
while the end cutting edge is a straight line. In the cutting
process, the peripheral edge presents a dynamic change of
cutting in the workpiece and cutting out the workpiece when
the cutter feeds along the direction of the radial. According
to the change of cutting forces as shown in Fig. 2, it can be
seen that the cutting forces generated are periodic. However,
the end cutting edges are always in contact with the work-
piece surface when the cutter feeds along the direction of the

axis, so the cutting forces generated are not periodic and tend
to a stable value, as shown in Fig. 5.

Therefore, the cutting mechanisms of the peripheral cut-
ting edge and the end cutting edge are different, which needs
to be studied separately. In the practical cutting process, it is
of great significance to select different cutting parameters for
different processes, such as axial feed and radial feed.
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Figure 5. Simulated milling forces of end cutting edge.

4 Experimental evaluations

The surface roughness Ra of the machined surface is usually
measured to recognize the MUCT value in micro end cutting
experiments since it is very hard to monitor the chip during
the micro milling process (Ng et al., 2006). At the same time,
the milling forces in the cutting process are measured, and
the reliability of the simulation is verified by comparing the
experiment results with the simulation results.

4.1 Experiment

The three-axis micro milling machine tool 3A-S100 as
shown in Fig. 8 is selected to conduct the micro end milling
experiments. Workpiece materials are kept the same as that
in simulations, but only the cutter with a 5 µm cutting edge
radius is selected in the micro cutting experiment. The exper-
iment parameters are also consistent with the simulations as
shown in Tables 3 and 4.

The workpiece for the peripheral and end cutting experi-
ment is planned as shown in Fig. 9.

The Wyko NT9300 optical profilometer is selected to mea-
sure the surface roughness value, and each feature has been
measured at least four times. Meanwhile, the average values
of the measurements are calculated based on the four mea-
surements and serve as the final measurement value. The
Kistler dynamometer 9257B is used for the milling force
measurement, which can simultaneously acquire the cutting
forces in x, y, and z directions, with a resolution of 1 mN. A
schematic diagram of the milling force measuring system is

shown in Fig. 10. The lower part of the dynamometer is fixed
on the work table of the machine tool, and then the workpiece
is fixed on the upper part of the dynamometer.

4.2 Results

The experimental results of the surface roughness for the pe-
ripheral cutting edge via process no. 1 and no. 2 are shown
in Figs. 11 and 12. The experimental results of the surface
roughness for the end cutting edge are shown in Fig. 13.

From Fig. 11c, it is seen that all of the surface rough-
ness values of the three materials reach the minimum at
fz = 1.5 µm z−1. This agrees with Eq. (2) in Li et al. (2020),
which calculates the MUCT value to be about 1.5 µm for
H59 copper, 304 stainless steel, and 6061 aluminum alloy
via process no. 1. The surface roughness values of the three
materials all show a tendency of decreasing first and then in-
creasing. The elastic–plastic deformation of the workpiece
material is transformed into shear deformation with the in-
crease of the feed per tooth; the plowing mechanism and cut-
ting force both decrease, so that the surface quality is im-
proved.

From Fig. 12c, it is seen that the surface roughness val-
ues of the three materials reach the minimum= at fz = 2.51,
2.51, and 1.88 µm z−1, respectively. This confirms Eq. (3) of
Li et al. (2020) in which the MUCT value is about 2.0, 2.0,
and 1.5 µm for H59 copper, 304 stainless steel, and 6061 alu-
minum alloy via process no. 2.

From Fig. 13c, it is seen that the surface roughness values
of the three materials reach the minimum at ap = 3.0, 3.5,
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Figure 6. Milling force results of end cutting edge.

Figure 7. Cutting edge images by SEM.

and 3.5 µm, respectively; the MUCT value is about 3.0 µm
for H59 copper, and the MUCT value is about 3.5 µm for
304 stainless steel and 6061 aluminum alloy.

The experimental results from Figs. 11 to 13 are analyzed
with the same method, and all MUCT values are summa-
rized, as shown in Tables 7 and 8.

The experimental results of the milling force for the pe-
ripheral cutting edge via process no. 1 and no. 2 are shown in

Figure 8. Micro milling machine tool 3A-S100.

Figs. 3 and 4. The experimental results of the milling force
for the end cutting edge are shown in Fig. 6.

According to the comparison between the cutting force ob-
tained by the simulation and the cutting force obtained by the
experiment, it is found that the trend of the two kinds of cut-
ting force is basically in accordance with each other; only
the amplitude shows a slight difference. The cutting force
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Figure 9. Workpiece preparation for cutting.

Figure 10. Schematic diagram of the milling force measuring sys-
tem.

obtained by the experiment is slightly larger than that ob-
tained by the simulation, and the error of cutting force may
be caused by the vibration, noise of the machine tool, data
processing, and other reasons. This is an acceptable error, so
we can determine that the simulation model and results are
reliable and can be used to guide the selection of parameters
in actual cutting experiment.

4.3 Discussion

From Tables 7 and 8, it is seen that there are no obvious dif-
ferences between the simulation MUCT value and the exper-
imental one. In other word, two kinds of method based on the
chip morphology and surface roughness for simulations and
experiments can be used to judge the MUCT value. Mean-
while, the cutting force can also be used to judge the MUCT
for the peripheral cutting edge. Since the selected feed en-
gagements are discontinuous, there may be some error in
the MUCT. Therefore, the MUCT is only an approximate
value, not an accurate one. At the same time, in the process of
simulation and experiment, there will be some accidental er-
rors in the extraction of experiment results, which may affect
the final results. According to the final comparison results,
it can be seen that the overall results of the experiment and
simulation are relatively consistent. The simulation results
have high reliability, and their errors are within an accept-
able range.

Based on simulated and experimental results, the MUCT
values of peripheral cutting edge have little difference for the
three kinds of workpiece materials. This conclusion is in ac-
cordance with the results from previous literature (Ramos et
al., 2012). Meanwhile, the MUCT values of end cutting edge
remain almost unchanged for the three kinds of workpiece
materials.

According to the simulation results, there is an obvious
difference of the MUCT value between the peripheral cut-
ting edge and the end cutting edge. The MUCT value can be
fitted by MATLAB software using the quadratic polynomial
(−0.0187 r2

e+ 0.4050 re+ 0.0488) based on the four kinds of
cutting edge radii experimental results in Table 7 via the pe-
ripheral cutting edge process no. 1, and the quadratic polyno-
mial (−0.0187 r2

e+ 0.5050 re− 0.1012) can be fitted via the
peripheral cutting edge process no. 2. It can be seen that the
MUCT produced by the two processes is not significantly
different. However, the MUCT value can be fitted by the
quadratic polynomial (0.0188 r2

e+ 0.5050 re+ 0.1613) based
on the four kinds of cutting edge radii experimental results in
Table 8 by the end cutting edge.

Table 9 provides a summary of the discrepancy between
the simulation, experiments, and other articles’ results re-
garding MUCT values. As shown in Table 9, there are certain
differences between the MUCT values of different cutting
edge radii in this study and other studies, which are mainly
caused by different workpiece materials, tool geometric pa-
rameters, and cutting parameters used in the experiment or
simulation. Obviously, this difference is normal and difficult
to avoid.

However, according to the results in Table 9, it can be
found that the value of MUCT in this study is not signif-
icantly different from that in other studies. Therefore, the
method of obtaining MUCT in this study is reliable.

5 Conclusions

In the process of micro end milling, both peripheral and end
cutting edges are engaged in cutting. Therefore, it is very
necessary to study the cutting effects of peripheral and end
cutting edges separately. According to the finite element sim-
ulation analyses and micro end milling experiments consid-
ering the cutting edge radius of the cutter and the material of
the workpiece, some conclusions can be drawn in following.

The MUCT value is different for the peripheral and
end cutting edges even though all micro end milling
conditions remain uniform. The MUCT value increases
with the increase of the cutting edge radius, regard-
less of the workpiece materials. The MUCT value
is about −0.0187 r2

e+ 0.4050 re+ 0.0488 for the process
of micro end milling via the peripheral cutting edge
process no. 1 only, and the MUCT value is about
−0.0187 r2

e+ 0.5050 re− 0.1012 for process no. 2. The
MUCT value is about 0.0188 r2

e+ 0.5050 re+ 0.1613 for the
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Figure 11. Surface roughness results for the peripheral cutting edge (process no. 1).

Table 7. MUCT analysis results of the peripheral cutting edge.

MUCT by the MUCT by the MUCT by the
chip morphology milling force surface roughness

(µm) (µm) (µm)

Peripheral cutting H59 copper 304 stainless steel 6061 aluminum alloy
edge (µm)

1 Process no. 1 0.4 0.4 0.4 0.4 0.4 0.4 0.3 0.4 0.4
Process no. 2 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4

3 Process no. 1 1.2 1.2 1.2 1.2 1.2 1.2 0.9 0.9 0.9
Process no. 2 0.9 0.9 1.2 1.2 1.2 1.2 0.9 0.9 0.9

5 Process no. 1 1.5 1.5 1.5 1.5 2.0 1.5 1.5 1.5 1.5
Process no. 2 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 1.5

7 Process no. 1 2.0 2.0 2.0 2.5 2.5 2.5 2.0 2.0 2.0
Process no. 2 2.5 2.5 2.5 2.5 2.5 2.0 2.5 2.5 2.5

process of micro end milling by using the end cutting edge
only.

The properties of the workpiece material have some influ-
ence on the MUCT value of peripheral cutting edges. How-
ever, they have little influence on the MUCT value of end cut-
ting edges. According to the cutting force results, the greater

the elastic modulus and shear modulus of the workpiece ma-
terial, the greater the cutting force will be, and the higher
the MUCT value will be, when the cutting parameters and
the cutting edge radius are the same. Due to the differences
in the structure of the peripheral cutting edge and the end
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Figure 12. Surface roughness results for the peripheral cutting edge (process no. 2).

Table 8. MUCT analysis results of the end cutting edge.

MUCT by the chip morphology (µm) and
MUCT by the surface roughness (µm)

End cutting H59 304 6061
edge (µm) copper stainless steel aluminum alloy

1 0.8 0.8 0.8 0.8 0.8 0.8
3 1.5 1.5 1.5 2.0 1.5 1.5
5 3.5 3.0 3.5 3.5 3.5 3.5
7 4.5 4.5 4.5 3.5 4.5 4.5

cutting edge, the same conclusion was not made in the simu-
lation and experimental results of the end cutting edge.

The change of the cutting force is a critical point for the
size effect. Experiment and simulation results show that for
the cutting force on the peripheral cutting edge and the end
cutting edge in the cutting process, with the increase of feed
per tooth, the tendency of the cutting force is not the same.
Therefore, the peripheral cutting edge and the end cutting
edge should be studied separately. The cutting force, chip
morphology, and surface roughness values can be used to de-

termine the MUCT of the peripheral cutting edge. However,
the cutting force cannot be used to determine the MUCT of
the end cutting edge. It is necessary to choose different meth-
ods to accurately identify the MUCT value.

It is necessary to select a variety of cutting edge radii and
workpiece materials to study the size effect further. The ex-
perimental results show that the simulation model is reliable
and can be used to guide the cutting experiment to select the
cutting parameters and cutting processes.
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Figure 13. Surface roughness results for the end cutting edge.

Table 9. MUCT values’ discrepancy with other articles’ results.

Cutting Simulation MUCT Experiment MUCT MUCT by
edge peripheral/ peripheral/ others
radius end edge end edge (µm)
(µm) (µm) (µm)

1 0.4/0.8 0.4/0.8 0.35–0.40 (exp, per) (Liu et al., 2006),
0.3 (exp, per) (Kang et al., 2011)

3 0.9–1.2/1.5 0.9–1.2/1.5 1.05–1.20 (exp, per) (Liu et al., 2006),
0.75 (sim, per) (Lai et al., 2008),
1.0–1.4 (sim, per) (Wojciechowski et al., 2019)

5 1.5–2.0/3.5 1.5–2.0/3.5 1.20–2.15 (exp, per) (Vogler et al., 2004),
1.0–1.6 (sim, per) (Cheng et al., 2018),
3.0–3.5 (sim, end) (Cheng et al., 2018)

7 2.0–2.5/4.5 2.0–2.5/4.5 1.75–2.23 (exp, per) (Oliver et al., 2015)
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