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Abstract

The cutting thickness has a significant impact on surface quality: the thinner the cutting
thickness, the easier it is to achieve good surface quality. The minimum cutting thickness represents the
limit for chip formation. Theoretically, performing ultra-precision cutting at the minimum cutting
thickness enables the achievement of an excellent machined surface with minimal surface damage and
exceptional surface quality. Therefore, exploring the formation mechanism of the minimum cutting
thickness and investigating the formation mechanism of surface micro topography under extreme
cutting conditions are of great significance for further clarifying the extreme cutting theory, improving
surface quality, and extending tool life. A dynamic minimum cutting thickness theory is proposed,
followed by calculations and simulations. Furthermore, scratch experiments on aluminum alloys and
red copper are conducted using a single-crystal diamond tool, during which the cutting force and scratch
depth are measured. The minimum cutting thickness of aluminum alloys and red copper is determined
by leveraging the corresponding relationship between the abrupt change in cutting force (from the
plowing stage to the cutting stage) and the scratch depth. Based on the minimum cutting thickness, the
optimal cutting parameters for the non-free cutting of aluminum alloys and red copper were obtained,
and non-free cutting experiments were conducted using these parameters. The results show that the
minimum cutting thickness of aluminum alloys and red copper increases with increasing feed rate. The
ratios of the minimum cutting thickness to the tool edge radius are in the ranges of 0.243-0.271 and
0.20-0.36, respectively. The optimal surface roughness values are as follows: Rz=1.505 um and 2.014
um, and Ra = 0.293 pum and 0.309 pum, respectively.
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1. Introduction

The thinner the chip, the more precise the
cutting process, and the easier it is to obtain a machined
surface with high precision. As the cutting thickness
approaches the minimum, the surface quality tends to be
optimal. Thus, the influencing factors of the minimum
cutting thickness and its realization methods have long
been the focus of extensive attention among researchers.

In 1987, Osaka University (Japan) and the LLL
Laboratory (USA) conducted research on the limits of
ultra-precision machining. One of the key achievements
was the study of the minimum cutting thickness, with a
chip thickness of 1 nm obtained using an extremely sharp
single-crystal diamond tool under strict cutting
conditions ™. To date, this research still represents the
limit of ultra-precision machining and has not been
surpassed. Subsequently, they investigated the minimum
cutting thickness and its influencing factors using
molecular dynamics simulations, concluding that it is 5%
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of the tool edge radius [?. In their research on cutting
aluminum alloy materials with diamond tools, Yuan
Zhejun et al. indicated that the minimum cutting
thickness is influenced by the tool edge radius, material
properties, and the cutting process, and that the resulting
minimum cutting thickness is approximately 20%-40%
of the tool edge radius Bl Son Seong Min conducted
research on the relationship between the minimum
cutting thickness and the friction coefficient between the
tool and the workpiece by machining aluminum, brass,
and oxygen-free high-conductivity copper with a single-
crystal diamond tool. The results showed that the tool
edge radius and the friction coefficient between the tool
and the workpiece are the main influencing factors of the
minimum cutting thickness in the micro-cutting process;
a smaller edge radius and a larger friction coefficient can
lead to thinner chips. The minimum cutting thickness of
the three materials ranges from 0.09 to 0.12 pm, and the
ratio of the minimum cutting thickness to the tool edge
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radius (r, = 0.5 pm) is 18%-24% [, In 2010, H.L. Zhang
studied the minimum cutting thickness of copper and
aluminum using an atomic force microscope l.In 2018,
Zhichao Niu et al. conducted micro-cutting experiments
on 6082-T6 aluminum alloy using diamond and WC
tools. The research showed that before chip formation,
the plowing effect was significant and the normal force
was relatively large; however, when chips began to form,
the tangential force exceeded the normal force. Based on
this observation, the minimum cutting thickness of
aluminum alloy 6082-T6 was determined to be 0.2-0.3
um, and the ratio of the minimum cutting thickness to the
tool edge radius (1.4 pm) was approximately 14%—21%
[®l1n 2020, Xian Wu et al. proposed a micro-cutting
effective rake angle model, determined that the ratio of
the minimum cutting thickness of copper to the tool-edge
radius was 0.17, and verified this by cutting electrolytic
tough pitch copper T2 with TiCN-coated WC tools .In
2018, Zhenyu Shi et al. studied the minimum undeformed
cutting thickness of Inconel 718 using acoustic emission
technology and finite-element simulation. They used a
micro-milling cutter with a 6 pm edge radius to machine
Inconel 718. The results showed that the minimum
cutting thickness was 1.41 um, and the ratio of the
minimum cutting thickness to the edge radius was 0.23
(81, The aforementioned research findings indicate that the
minimum cutting thickness is closely related to tool
geometry and friction coefficient ¥, and is influenced by
factors such as changes in tool geometry caused by tool
wear during the cutting process 1%, changes in material
properties induced by cutting heat and other factors [*4,
and variations in process parameters 121,

In 1996, W. Grzesik studied the minimum
cutting thickness and its influence on surface roughness
based on the Kragelskii-Drujanov model 1. The research
indicates that as the feed rate increases, both the
minimum cutting thickness and the surface roughness
increase %1, In 2006, X. Liu conducted research on the
minimum-cutting-thickness model and micro-cutting
conditions. The research shows that the minimum cutting
thickness increases with increasing tool edge radius and
cutting speed M.In 2007, T. Ozel et al. studied the
variation in the minimum cutting thickness with tool edge
radius and cutting speed while machining AL 2024-T6
and AISI 4340 using a micro-milling cutter. The results
showed that the minimum cutting thickness increases
with increasing tool edge radius and cutting speed %1, In
2012, M. Malekian et al. proposed a minimum-cutting-
thickness neutral-angle modell. They used the principle
of minimum energy to calculate that the neutral angle is
approximately equal to the friction angle. They cut
Al6061 with a WC tool (with a tool-edge radius of
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13um), measured the force ratio to be about 0.8, and then
calculated the friction angle to be 39, that is, the neutral
angle is 39. From this, the minimum cutting thickness for
AIl6061 was determined to be 0.23 m. They believed that
the minimum cutting thickness is closely related to tool
geometry and material properties, and that it increases
with increasing friction coefficient [61.In 2012, A. Cuba
Ramos et al. conducted ramp-cutting groove experiments
and measured the variation in groove roughness. They
proposed that the groove position with a drastic change
in roughness is where the minimum cutting thickness
occurs; the corresponding scratch depth at this position is
then taken as the minimum cutting thickness. Their
research indicated that the minimum cutting thickness
decreases with increasing cutting speed and increases
with increasing tool edge radius 171, In 2017, Przestacki,
D. et al. performed cutting experiments on WC/NiCr
coatings using laser-assisted PCD tools (with a tool edge
radius of r, = 7.1 um). They found that when the cutting
speed increased from 10 to 30 m/min, the minimum
cutting thickness ranged from 1.1 to 1.8 um [, In 2018,
Hamed Rezaei et al. processed Ti-6Al-4V with WC end
mills (edge radius rm = 6.089+0.234 um) and studied the
minimum cutting thickness under different cooling
environments 1. The research showed that in the case of
dry cutting, the minimum cutting thickness of Ti-6Al-4V
was 1.5 - 3.0um (0.25-0.49r,), and under the minimum
quantity lubrication (MQL) cooling condition, the
minimum cutting thickness of Ti-6Al-4V decreased to
0.9 - 2.1um (0.15-0.34rn). The analysis suggests that this
phenomenon is attributed to the coolant reducing tool
wear and minimizing built-up edges. The research also
indicates that cutting depth and cutting speed have no
significant impact on the minimum cutting thickness
199 1n 2019, W. S. Yip et al. conducted magnetically
assisted ultra-precision cutting of Ti6AI4V titanium alloy
to investigate the effect of the magnetic field on the
minimum cutting thickness. The results showed that
under the action of the magnetic field, the friction
coefficient between the tool and the workpiece increased
significantly, and the minimum cutting thickness
decreased by 50% %1, In 2020-2023, Mikoajczyk T et al.
studied the influence of the inclination angle of the bevel
cutting edge on the minimum cutting thickness. They
believed that the minimum cutting thickness decreases
with increasing inclination angle, which provides a new
research direction for the tool structure in precision
cutting 2221,

In 2021, Yiquan Li et al. established a neutral-
angle model for the minimum cutting thickness and
calculated it using the minimum-energy principle. They
believed that as fracture toughness increased, the shear
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angle decreased, the neutral angle increased, and thus the
minimum cutting thickness increased. Additionally, the
minimum cutting thickness increased with increasing
undeformed chip thickness [2%1,

The aforementioned research has pioneered the
theory of dynamic minimum cutting thickness, showing
that the minimum cutting thickness depends on actual
cutting parameters and varies with changes in tool edge
radius, cutting parameters, and workpiece material
properties. Therefore, following the "research on the
limits of ultra-precision machining conducted by Osaka
University (Japan), this research has achieved a new
breakthrough in the limits of ultra-precision machining.
However, this research is limited to specific materials.
Researchers have reached a consensus that the minimum
cutting thickness is related to tool geometry and material
properties, but there are divergent views on the specific
mechanisms of influence. For instance, Son Seong Min
et al. argued that the minimum cutting thickness
decreases as the friction coefficient increases [, while M.
Malekian put forward the opposite view, believing that
the minimum cutting thickness increases as the friction
coefficient rises [*%1; another example is that T. Ozel et al.
suggested the minimum cutting thickness increases with
an increase in cutting speed [*3, whereas A. Cuba Ramos
et al. held that the minimum cutting thickness decreases
when the cutting speed increases 1, It can be concluded
from this that the law governing the minimum cutting
thickness remains unclear. However, the technical key to
achieving ultra-precision machining and obtaining a fine
surface lies in realizing ultra-stable ultra-precision
cutting with extremely thin chips. Therefore, exploring
the theory of minimum cutting thickness and its
implementation technology is of great significance for
advancing ultra-precision machining theory and
technology.

Conduct theoretical and experimental research
on the minimum cutting thickness. First, it analyzes the
statistical distributions of the friction coefficient and the
cutting force ratio between the tool and the workpiece
during cutting. Then, it explores the effects of the friction
coefficient and the cutting force ratio on the minimum
cutting thickness and proposes a theory of dynamic
minimum cutting thickness. On this basis, it further
analyzes the impact of dynamic minimum cutting
thickness on surface roughness. Finally, cutting
experiments on aluminum alloy and red copper are
conducted using a single-crystal diamond tool on a self-
developed micro-cutting platform; these experiments aim
to study the theory of dynamic minimum cutting
thickness and its effect on surface quality, as well as
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explore the implementation method of ultra-precision
machining technology based on dynamic minimum
cutting thickness.

2. Theoretical and Experimental
Study on Dynamic Minimum Cutting
Thickness.

As shown in Fig. 1, which illustrates the
relationship between the minimum cutting thickness and
the edge radius, point A is the chip separation point. The
material above point A forms chips and is removed, while
the material below point A is extruded by the edge arc
and the flank face, undergoes elastoplastic deformation,
and finally forms the machined surface. Based on the
force balance relationship at point A shown in the figure,
the following formulas are derived [24]:

Fn = Fpcosd + Fising 1)
Ft = Frcosd — Fpsind @
Fi= ubn @)
From formulas (1)-(3), we can derive:
tand = Fiopbs
s+ Fp @)

According to the geometric relationship shown in Fig. 1:

=r (1- = (1 __
hpyin=r, (1-cos 0) rn<l m) (5)

After simplification, we obtain:

nF¢F
min~—In | 1= ﬁ (6)
(F+73) (1+12)

Where I'n s the tool edge radius, Fp is the

normal force, Ft isthe tangential force, and is the friction
coefficient.

It can be seen that the minimum cutting
thickness is related to the edge radius, the friction
coefficient between the tool and the workpiece, and the
force ratio. During the cutting process, as the tool wears
from a new tool to the passivation standard (before
replacement), the friction coefficient and force ratio
change in real time with cutting time, the degree of tool
passivation, and the degree of softening of the workpiece
material under the action of cutting heat. Thus, it is
theoretically predicted that the minimum cutting
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thickness should not be fixed but varies with changes in
cutting conditions.
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Fig. 1. Schematic Diagram of Minimum Cutting
Thickness Analysis

During the cutting process, the tool state is
determined, and the edge radius is a constant. If the tool
is in the initial state (rm = 10um), with the friction
coefficient and force ratio as variables, the variation law
of the minimum cutting thickness with these variables
can be obtained, as shown in Fig. 2.
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Fig. 2. Variation of Minimum Cutting Thickness
with Force Ratio and Friction Coefficient

As shown in Fig. 2, the minimum cutting
thickness varies significantly across force ratios from 0
to 2 and friction coefficients from 0 to 0.5. Moreover, it
follows a pattern of decreasing as the friction coefficient
and force ratio increase. For ultra-precision cutting, the
force ratio typically ranges from 0.8 to 1, and the friction
coefficient from 0.1 to 0.4. The top-left graph shows how
the minimum cutting thickness varies with the friction
coefficient at a force ratio of 0.8. It can be observed that
the minimum cutting thickness decreases as the friction
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coefficient increases, but the variation trend is relatively
gentle. Within the friction coefficient range of 0.16-0.4,
the theoretical values of the minimum cutting thickness
vary between 2 and 3.2 um. The right graph illustrates the
change of the minimum cutting thickness with the force
ratio when the friction coefficient is 0.18. It is evident that
the minimum cutting thickness decreases sharply as the
force ratio increases. Within the force ratio range of 0.8—
1.1, the theoretical values of the minimum cutting
thickness vary from 2.2 to 3.5 pm.

As is known from the minimum cutting
thickness theory, the tool divides the surface to be cut into
two parts at the chip separation point: one part moves
upward along the rake face to form chips, and the other
part moves downward along the flank face to form the
machined surface. Additionally, the velocity at the chip
separation point is zero [16]. Based on the above theory,
a cutting simulation of aluminum alloy and red copper
using a single-crystal diamond tool was conducted in
free-cutting mode using Deform 2D Version 11.0. The
simulation parameters were set as follows: diamond tool
edge radius of 10 pm, cutting speed of 3000 rpm, and feed
rates of 2 pum/r and 3 pm/r, respectively. From the
simulation, the cutting velocity distribution diagrams of
aluminum alloy and red copper were obtained, as shown
in Fig. 3a, 3b, 3c, and 3d.

Fig. 3a shows the cutting velocity distribution
diagram at a feed rate of 2 pm/r. As shown in the figure,
the minimum cutting thickness at the chip separation
point is 2.32 pm. Fig. 3b presents the cutting velocity
distribution at a feed rate of 3 um/r, indicating that the
minimum cutting thickness at the chip separation point is
3.2 um. Taking pure copper as the material, the cutting
process was simulated using the above parameters, and
the results are shown in Fig. 3c and 3d. As shown in Fig.
3c, the minimum cutting thickness of pure copper at a
feed rate of 2 pm/r is 3.7 um; in Fig. 3d, it reaches 4.3 pym
at a feed rate of 3 um/r. It is evident that the minimum
cutting thickness of pure copper is significantly greater
than that of the aluminum alloy, which may be due to
differences in materials and friction coefficients;
however, the simulation used the same friction
coefficient for simplification.

From the cutting simulations of aluminum alloy
and pure copper, although there are some differences in
their minimum cutting thicknesses, both follow the law
of increasing minimum cutting thickness with increasing
feed rate.
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3. Experimental Equipment and
Principle
3.1. Experimental Principle

As shown in Figure 4, the cutting process is
divided into three phases: sliding friction, plowing, and
cutting. When the cutting tool contacts the workpiece and
slides against it (during the sliding-friction phase), the
workpiece undergoes elastic deformation, and the elastic
recovery height of the machined surface is hy. As the
cutting depth increases, before chips are generated,
plastic deformation occurs on the workpiece surface; this
is the plowing stage. When the cutting depth continues to
increase and exceeds the minimum cutting thickness hmin,
chips start to form. The thickness of the chips gradually
stabilizes after reaching its minimum value, and this
phase is referred to as the cutting stage. The minimum
cutting thickness occurs at the transition moment from
the plowing stage to the cutting stage. At this point, the
cutting mechanism undergoes a transformation,
manifested as an abrupt change in cutting force. Measure
the cutting force during the transition process from
plowing to cutting, and establish a one-to-one
correspondence between the cutting force and the cutting
process. The position where the minimum cutting
thickness occurs can be determined from the location of
the abrupt change in cutting force. As shown in Fig. 4, at
time t2, the cutting depth reaches the minimum cutting
thickness hmin; correspondingly, the cutting distance at
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time t2 is L,. Therefore, the cutting depth at the position
of L equals the minimum cutting thickness.

By combining the position of the abrupt change
in cutting force with microscopic observation, the size of
the minimum cutting thickness can be determined with
relatively high precision.

3.2. Experimental Equipment and Methods:
3.2.1 Experimental Equipment:

The self-built diamond tool cutting test bench is
shown in Fig. 5. The test bench's spindle is an electric
spindle with a rotational accuracy of 0.001 mm. The feed
mechanism combines coarse and fine feeds: the coarse
feed is provided by a manual micro-positioning stage
with an accuracy of 0.02 mm, while the fine feed is driven
by a stepper motor with an accuracy of 0.001 mm. The
experimental cutting tool is a single-crystal diamond tool
manufactured by Zhengzhou Superhard Tool Co., Ltd.,
with an edge radius of 10 um. Fig. 6 shows the SEM test
results of the diamond tool. The test pieces used are
aluminum alloy and red copper. A model SBT970
dynamometer produced by Guangzhou Shartor Company
is adopted for measurement, with a measuring accuracy
of 0.01 N and a measuring range of 0-2 N. For the
measurement of surface groove and scratch depth, an
ultra-depth-of-field microscope is used.

Fig. 3. Cutting Speed Distribution Diagrams of Aluminum Alloy and Pure Copper
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Using a diamond cutting tool, continuous
variable-depth cutting experiments (from O to ap) were
conducted on aluminum alloy and red copper at different
cutting speeds. Meanwhile, a dynamometer was used to
measure the cutting force, and an ultra-depth-of-field
microscope was employed to measure the cutting depth

4, Experimental Results and
Discussion
4.1. Cutting Force

Fig. 7 shows the variation in cutting force with
cutting time during the cutting of aluminum alloy by a
diamond tool at feed rates of 1.25 mm/s, 2.5 mm/s, 3.75
mm/s, and 5 mm/s. As shown in Fig. 7a, the cutting force
abruptly changes at 1.19 s, corresponding to a cutting

_‘i

Cutting time /s

a) Feed speed 1.25mm/'s

Cutting force /N

Cutting time /s

¢) Feed speed 3.75mm/s
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at the position where chips are generated on the machined
surface, which is the minimum cutting thickness. The
experimental parameters are shown in Table 1. The
experimental equipment is illustrated in Figure 5. The
SEM results for the diamond tool's cutting edge are
presented in Figure 6, with an edge radius of 10 pum.

distance of 1.49 mm and a theoretical scratch depth of 2.3
um. From Fig. 7b, it is observed that the cutting force
increases sharply at 0.82 s; at this moment, the
corresponding cutting distance is 2.05 mm, and the
theoretical scratch depth is 3.2 um. As shown in Fig. 7c,
the cutting force rises sharply at 0.59 s, with the
corresponding cutting distance being 2.21 mm and the
theoretical scratch depth being 3.47 um. From Fig. 7d,
the cutting force increases sharply at 0.45 s,
corresponding to a cutting distance of 2.25 mm and a
theoretical scratch depth of 3.53 um.

Cutting force /N

b) Feed speed 2.5mm/s

R—

_ Cutting _

N
*

snmesrunnl
-

Cutting force

Cutting time /s

d) Feed speed Smm/s

Fig. 7: Measurement Results of Cutting Force at Feed Rates from 1.25 mm/s to 5 mm/s

Table 1 Experimental Parameters

Spindle Speed Feed Rate Coolin Deflection TooI.FiIIet Edge

Group P Vs /m/g f/mm/s Methog Angle Ra/dms re Radius

mm rn /pm
1 1-5 0 1.25 x 0.09 0.4 10
2 1-5 0 2.5 x 0.09 0.4 10
3 1-5 0 3.75 x 0.09 0.4 10
4 1-5 0 5 x 0.09 0.4 10

Table 2 Scratch Parameters of Aluminum Alloy and Red Copper
WWW.Smenec.org 123 © SME
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Cutting speed Scratch length S_cratch Scratch Scratch Sf:ratch Scratch depth
vV /mmis L /pm width W depth a /um length L /pm width W a/pm
p /um ptha/p gth L /p /um B
1.25 1399.7 80 2.2 1865 93.5 1.975
25 2015 130 2.63 2253 95 2.203
3.75 2216 145 2.84 2487 98 2.567
5 2414 120 3.17 3406 105 3.645
u—k=h_/r 10 - W *—a - 1150
0.27 + Polynomial fit of k - " -
E g -
S g
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0.26 + - 6 L s
£ . %
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a)The ratio of the minimum cutting thickness to the cutting b)Scratch,depth,width,length
edge radius
Fig. 8. Data analysis of aluminum alloy scratches
4.2. Cutting Scratches to 5 mml/s, the scratch depth ranges from approximately

Fig. 9 shows the typical cross-sectional profiles
of the scratch positions where chips are generated during
the cutting of aluminum alloy by the corresponding
diamond tool. The raised end is caused by chip
accumulation, and the cross-sectional width and depth of
the scratch are measured with the lower end as the
reference. The measured data for scratch length, width,
and depth for aluminum alloy and red copper are
presented in Table 2.

Fig. 8 presents the analysis results for the
scratch length, width, and depth of the aluminum alloy at
different feed rates. To avoid measurement errors, each
data set was measured 5 times, and the average was used
as the result shown in Fig. 9. Fig. 9a shows the variation
of the ratio k (between the minimum cutting thickness
and the edge radius) with the feed rate. As shown in the
figure, as the feed rate increases, k gradually increases
from 0.243 to 0.271, initially increasing rapidly and then
tending toward stability. Fig. 9b shows the variation of
scratch depth, width, and length with feed rate. As shown
in the figure, when the feed rate increases from 1.25 mm/s
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2 um to 3 pm and shows a slight upward trend. The
scratch width is approximately 80-150 pm, showing a
steady increase, while the scratch length is roughly 1300
3400 pum, with the most significant increase.

The scratch analysis of red copper is shown in
Fig. 10. To minimize measurement error, the experiment
was repeated twice, and each data set was measured 5
times; the average was used as the test result. Figure 10a
depicts the variation of the ratio k (between the minimum
cutting thickness and the edge radius) with the feed rate.
The upper data points represent the first experiment, with
a variation range of 0.207-0.439. The lower data points
correspond to the second experiment, with a variation
range of 0.188-0.29. After fitting the data from the two
experiments, the overall variation ranges from 0.188 to
0.29. As the feed rate increases, the ratio k gradually
increases. Fig. 10b illustrates the variation of scratch
depth, width, and length with feed rate. As can be seen
from the figure, with the increase of feed rate, the scratch
depth varies in the range of 2-3.5 um, with an increase
rate of nearly 75%; The scratch width changes between
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90-110 um, showing a small increase; The scratch length
ranges from 1784 um to 3666 um.
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The measurement results show that the
minimum cutting thicknesses of aluminum alloy and red
copper range from 2.2 um to 3.17 um and from 2 um to
3.5 um, respectively, which are close to the theoretical
calculations.

4.3. Surface Roughness

The surface roughness of the workpiece is
affected by factors such as specific machining
parameters, residual surface height, minimum cutting
thickness, elastic recovery, and burr height across
different phases. Brammertz considered the influence of
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the cutting thickness and established a theoretical model
for surface roughness under precision cutting conditions
[13]:

Ry = oo+t (14 250m) - (1)

8rg 2

Where: f is the feed rate, mm/r; re is the tool
nose radius, mm. After vyears of experimental
verification, the Brammertz model has been proven to be
in good agreement with experimental results. An analysis
of the model reveals the following: when the feed rate
and tool nose radius are fixed, the surface roughness
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increases as the minimum cutting thickness increases;
when the feed rate is relatively large, the minimum
cutting thickness has a negligible effect on the surface
roughness; however, when the feed rate and the minimum
cutting thickness are of the same order of magnitude, the
influence becomes significant. Therefore, when selecting
appropriate  process parameters, they should be
compatible with the corresponding minimum cutting
thickness. According to the Brammertz model, if the
cutting thickness is greater than the minimum cutting
thickness, the surface roughness will increase; if the
cutting thickness is less than the minimum cutting
thickness, no chips will be generated, and the plowing
effect of the cutting tool will be enhanced, leading to a
significant deterioration in surface quality. Thus, only
when the actual cutting thickness exceeds the minimum
cutting thickness can good surface quality be expected.

Therefore, accurately determining the actual
cutting thickness is crucial. Generally, for free cutting,
the cutting thickness is considered to be equal to the feed
rate [1,25], or

h = sinK; (8)

In actual production, the vast majority of cases
involve non-free cutting. For a tool with a rounded nose,
a typical non-free-cutting scenario is illustrated in Fig.

11. Reference [26] presents a calculation method for the
cutting thickness, as given in Equation (9).

Fig. 11. Cutting Thickness in Non-free Cutting

Cutting Thickness in Non-free cutting,

f . !
= 5sin tan ! ——— 9

V2a'-1+a’'b’
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' T ' f " " 2 .
a=-, b:;, c=l-a (1-,/1-b ) r is the tool nose

radius, a is the cutting depth, f is the feed rate, and h is
the actual cutting thickness.

By referring to Equation (9), the relationship
between the cutting thickness, the feed rate, and the ratio
r/a is obtained, as shown in Fig. 12.

=30um/r
w  =20pm/r
=1 0pm/r
& =Sum'r
B f=lumir

(%]
T

Cutting thickness h / pym
w

1
(| —-w = 1

0 100 200 300 400

Corner Radius / cutting depth r/a

Fig. 12. Variation of Cutting Thickness with Feed
Speed and Cutting Depth

As shown in Fig. 12, both the feed rate and the
ratio r/a have a significant impact on the cutting
thickness: the cutting thickness increases with increasing
feed rate and decreases significantly with increasing r/a.
Calculations show that: For aluminum alloy, with a
minimum cutting thickness ranging from 2.2 pm to 3.17
um, the corresponding feed rate is 15-22 um/r when the
cutting depth is 0.02 mm; For red copper, with a
minimum cutting thickness ranging from 2 umto 3.5 pm,
the corresponding feed rate is 14-24 um/r when the
cutting depth is 0.02 mm. From this, the corresponding
machining parameters for aluminum alloy and red copper
are presented in Table 3.

Table 3: Processing Parameters for Aluminum Alloy
and Red Copper

Cutting Cutting

speed depth Fe;e/d sp;zed
n/ r/min a/ mm wm/r
Aluminum g 0.02 15-35
alloy
Red
copper 800 0.02 15-35

Cutting experiments on aluminum alloy and red
copper were conducted using the parameters in Table 3,
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and the surface roughness was measured as shown in
Fig. 13.

Brammertz h_ =3.5um

=
T

Brammertz h_, =2pum
Y AlRz O AlRa |°
* CuRz Cu_Ra

pm

o
T
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ace roughness R,

Surface roughness R, pm
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4r v
- I =
2k ’Ll ¥ kg
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Feed speed pm/r

Fig. 13. Variation of Surface Roughness of
Aluminum Alloy and Red Copper with Cutting
Thickness

As shown in Fig. 13, when the feed rate is 15
um/r, both aluminum alloy and red copper achieve their
minimum surface roughness values: Rz = 1.505 um and
2.014 um, and Ra=0.293 pm and 0.309 um, respectively.
When the feed rate is below 15 um/r, numerous burrs are
observed on the machined surfaces of both aluminum
alloy and red copper. This is a typical characteristic of
plowing cutting, which causes a sharp increase in the
surface roughness of both materials. When the feed rate
exceeds 15 um/r, the surface roughness of the aluminum
alloy increases relatively slowly, whereas that of red
copper increases sharply. Both materials exhibit a "high
at both ends and low in the middle" pattern, which is
consistent with the variation trend of the Brammertz
model. However, at lower feed rates, the experimental
results are lower than the predicted values of the
Brammertz model

5. Conclusions

Aluminum alloy and red copper were cut using
a single-crystal diamond tool, and the sudden change in
cutting force during the transition from plowing to
cutting was measured. Based on this, the minimum
cutting thickness was determined. The results show that
as cutting speed increases, the ratio of the minimum
cutting thickness of aluminum alloy to the cutting-edge
radius increases slowly, with a variation range of 0.243—
0.271. The ratio of the minimum cutting thickness of red
copper to the cutting-edge radius increases relatively
rapidly, with a variation range of 0.20091-0.36109 and
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an increase rate of nearly 80%. Furthermore, by utilizing
the relationship between cutting thickness, feed rate, and
cutting depth, the feed rate compatible with the minimum
cutting thickness was obtained. This parameter was then
used to cut aluminum alloy and red copper, and good
surface quality was achieved at the feed rate
corresponding to the minimum cutting thickness.
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