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Abstract

By altering the cutting edge profile, edge preparation can increase the stability of the cutting process, extend the tool life, and
improve the machined surface quality. Herein, a theoretical model of cutting force based on milling tool edge preparation
is established according to metal cutting theory and material constitutive equations. The influence of edge radius, milling
speed, tool feed, cutting depth, and rake angle on the cutting force are investigated. The results of simulations of the tool
milling force of a cemented carbide tool milling 45 steel were performed in the metal cutting modeling software AdvantEdge.
Theoretical values of cutting force and torque are compared corresponding values obtained through the milling simulations
and cutting experiments, respectively, to verify the proposed cutting force model based on edge preparation. The research
results provide the basis for realizing the tool edge preparation effect, the high speed and the high efficiency cutting.

Keywords AdvantEdge - Edge preparation - Edge radius - Milling force - Milling torque

Introduction

With the development of high speed, high-precision, and
ultra-precision machining, the demand for high-precision
cutting tools has grown. Cutting edge preparation can
improve cutting performance and workpiece surface quality
and prolong tool life by improving the edge morphology
[1]. Therefore, studies on the effects of edge preparation on
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cutting processes are indispensable. To date, research on the
influence of cutting edge preparation has mainly focused
on investigating the cutting force, cutting temperature,
tool life, and quality of the machined surface through
cutting experiments and simulations. The finite element
method (FEM) has been widely used to simulate machining
processes, and can predict the chip geometry and cutting
forces, as well as the temperature and residual stress in
the cutting region. Orthogonal cutting is often selected
to simplify the modeling process, and empirical, linear,
exponential, and polynomial models are typically adopted.
However, predictions made by these models are based on
the shear, radial, and axial force coefficients of the milling
process, whereas the influence of geometric parameters of
the milling tool and edge morphology on the cutting force
are not considered [2, 3].

To effectively study the strain and force behaviors during
metal cutting, predictive analytical models are more eco-
nomical and more accurate compared to numerical methods
and empirical model decomposition. Mark Rubeo used a
linear average force model and nonlinear instantaneous
force model to show the nonlinear relationship between
milling parameters and cutting force coefficients [4]. Jian
Weng proposed a semianalytical model to study the effect
of chamfered edges on the cutting force considering multi-
ple material flow states. A modified force prediction model
was established by introducing factor S to describe changes
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in the edge effects with the ratio of chamfer length to uncut
chip thickness (UCT). Then, to validate the proposed model,
orthogonal cutting experiments were performed using AISI
304 stainless steel as the workpiece and various chamfered
carbide inserts [5]. Magalhdes presented numerical simu-
lations of hard turning using the FEM to provide a better
understanding of mechanical and thermal loads. A higher
chamfer angles and larger mechanical load acting on the tool
edge are mainly responsible decreasing the tool life [6].

Agmell used the theoretical chip thickness to obtain
the cutting forces. The simulated and experimental values
showed good correlation. Chamfer effectively reduced the
maximal principal stress in the engagement phase since
normal forces acting at the chamfer, while the bending of
the tool along the axis perpendicular to the simulated plane
[7].

Some researches establish the force model considering
the edge preparation, mainly focus on the influences of
the edge radius on the forces. Zhou et al. presented
a novel methodology for predicting micro end-milling
cutting forces based on an iterative algorithm. The authors
considered the edge radius, material strengthening, and
friction coefficient. He showed that the cutting forces
increased as the edge radius increases; in addition, varying
the friction coefficient affect the cutting force [8].

Fulemova prepared the edges of cutting inserts using
grinding, drag finishing, and laser technology and studied
the influence of the cutting edge preparation process and
cutting edge radius on the tool life, cutting forces, and the
roughness of the machined surface [9].

Wang et al. examined the combined effects of cutting
edge radius and fiber cutting angle on burr formation. The
particular mechanism leading to burr formation in edge
trimming of CFRP laminates was investigated, and the influ-
ence of fiber cutting angle and cutting edge radius on burr
formation were analyzed. Fiber cutting angles were found
to be smaller than 90° when a large cutting edge radius was
used for both milling and drilling of CFRP composites [10].

Zhu presented a model to investigate the influence of
edge radius, tool run-out, flexible deformation, and tool
wear on the micro milling force and thoroughly discussed
the latest research on micromilling technology and cutting
force modeling [11].

Since the tool edge contour prepared is not the circle,
whose characater parameter is the edge radius. The edge
contour are really the asymmetric, whose characater pa-
rameter is the form factor K. Thus, the influence of the
form factor K on the force are investigated. Sauer evaluated
the influence of edge radius and form factor K on the
thrust force and cutting force during machining of carbon
fiberreinforced plastics (CFRP) using an orthogonal cut
and proposed a new approach for selecting the optimal
parameters of abrasive waterjet cutting for edge preparation.

SEM

The analysis revealed that small cutting depths and different
cutting edges affect the cutting forces in different edge
regions in various ways [12]. Denkena used an abrasive
nylon brush to prepare the edge of a physical vapor
deposition-coated carbide cutting tool. By changing the
contact conditions between the abrasive brush and the
workpiece, both a symmetrical edge (K = 1) and an
asymmetric edge (K =2) could be obtained. The asymmetric
cutting edge showed the least wear, whereas a larger cutting
force was obtained with the symmetrical cutting edge [13,
14].

A large number of models, including those mentioned
above, have been developed to predict the cutting forces
in micro end-milling.The effects of edge radius have been
considered, which could affect the accuracy of cutting force
predictions. The objective of this paper is to present a novel
analytical micro end-milling cutting force model, based
on the principles of metal cutting and physical properties
of materials, that considers the effects of edge radius.
The proposed analytical model could contribute to further
improvements in the accuracy of cutting force predictions in
micro end-milling. Moreover, investigating the influence of
edge preparation on cutting forces could also provide more
thorough understanding of the micro end-milling process,
as well as methods for monitoring cutting force.

In the present study, a novel analytical micro end-
milling cutting force model that considers edge preparation
and tool geometry was developed. Experiments and FEM
simulations were carried out, and the theoretical values
were compared with the experimental measurements and
simulation results. The FEM model provides a useful
way to verify the cutting force theoretical model, and the
experimental results validate the theoretical torque model
that considers the influence of the edge radius and the
cutting parameters. Finally, the effects of edge radius, rake
angle, milling speed, and tool feed on the cutting force
were investigated using the proposed model. The results
provide a useful reference for understanding the effects
of cutting edge preparation towards achieving high-speed,
high-efficiency machining.

Materials and Methods

Theoretical Model

Cutting force principle with edge radius

Tool edge preparation is the process of turning a less smooth
sharp edge of a cutting tool into a smooth predefined
shape, usually a rounded edge, to realize highspeed, high-

efficiency cutting. Therefore, the edge radius is the main
characteristic of the prepared tool edge. The prepared edge
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forms a circular arc of radius r, . Edge radius r, changes
the contact between the rake and the flank cutting surfaces
and the workpiece, which affects the cutting force during
the cutting process.

In the milling process, the cutting force is mainly com-
posed of the chip forming force on the rake face and the
plowing force on the flank face. Friction on the bottom tool
edge is small, and can be ignored. The chip forming force
is related to the deformation in deformation zone I, friction
between the chip deformation and the contact surface,
plowing force, flow stress in the workpiece material, and
friction conditions of the contact area(CA)surface.

When the edge radius is , the chip forming force and the
plowing force are shown in Fig. 1.

Chip forming force model

The milling tool cutting process is depicted in Fig. 2. The
chip formation force of the milling tool is affected by the
shear force of the rake face. The shear force F; is related
to the chip contact are S4pg , which is determined by the
cutting thickness # , radial cutting depth a,, and spiral angle
3.

According to Fig. 2(a), the cutting thickness of the
milling tool 4 is related to the cutting angle, as follows:

h = f;*xsing (1)

where f- is the feed engagement (m/z) and ¢ is the cut-out
angle.

Projection of the chip contact area Sqpg on a section
of the milling tool is illustrated as the shaded area in
Fig. 2(b), and its area is Sapr. According to Equation
(1), the variation law of the cutting thickness & varies
with the cutting angle according to the same principle as
the Archimedes spiral thread. Therefore, the area of the

Work-picce

F

Fg Fre P,

L. Pptow

Plowing force
Chip formation force

Fig.1 Cutting forces during chip formation process

(a)

Projection of tool-chip contact arca on cross section of milling cutter

lool-chip contact arca

(b)

Fig. 2 Cutting process of milling tool: (a) Schematic illustration of
milling process; (b) Contact area between milling tool and chip

Archimedes spiral thread can be used to solve the projected
area Sapr, expressed as

“1|d d\*
S = —|z+h—-|= d 2
ABF /0 S|t <2> 2 @)
where o represent the cutting angle, ow =

arccos (1 — %) ; d is the milling tool diameter; ¢ is the

cut-out angle.
Then, the relationship between shaded are S4pr and chip
contact area S4pg can be obtained as

SABF
S = 3
ABG cos (%) (€)]

6

The Johnson—Cook constitutive model, which takes into
account the effects of strain hardening, strain state, and
thermal softening, can be adopted to estimate the flow stress
in the material. Thus, in the shear zone, the material flow
stress can be calculated as [12]

r—(A—l—B*s”) 1+CxIn g 1 r-7\"
B &o Tn—T,

“4)
where ¢ is the effective strain on the shear surface of the
material; ¢ is the effective strain rate on the shear surface;

&o 1s the reference plastic strain rate, usually 1S71: Ais
the workpiece yield strength (MPa); B is the workpiece

SEM
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Table 1 Johnson—Cook constitutive parameters of 45 steel [13]

A B C n m & T; T

507MPa 320MPa 0.064 028 106 1S~!' 25°C 1492°C

harden-ing modulus (MPa); C is the sensitivity coefficient
of the workpiece strain rate; n is the coefficient of workpiece
hardening; m is the coefficient of workpiece softening; T
is the instantaneous workpiece temperature (°C); 7, is the
indoor temperature (°C); T, is the melting temperature of
the work-piece material (°C).

The workpiece material is assumed to be 45 steel and the
cutter tool material is K-class cemented carbide. Johnson—
Cook constitutive model parameters of 45 steel are listed in
Table 1.

For a sharp tool, the chip forming force is equal to the
cutting force [14]. Therefore, the chip forming force can be
obtained by calculating the cutting force of the sharp tool.
The shear force Fy is [15]

_ Sxt

F, = Q)

sin ¢

where S is the contact area between the tool and the chip
(m?2), 7 is the material flow stress in the shear zone (MPa),
and ¢ is the shear angle. The shear angle can be expressed
as [16]
T Yo B

P=31t2 72 ©

Where yy is the rake angle of the tool and 8 is the friction
angle of the rake face. The friction angle  is related to the
cutting speed and the friction coefficient [17].

The average friction coefficient f and the contact friction
angle B between the chip and the tool are [17]

f=foxV? )

B = arctan(f) (8)

where fp and p are constants, equal to 0.704 and -0.248,
respectively; V is the cutting speed (m/min).

According to the fundamental principle of material
removal by chip formation, the relationship between the
force vectors involved in chip formation can be obtained, as
shown in Fig. 1. Then, the cutting force components F, and
F; can be calculated as

_ Fgxcos (B —y)

= 9
cos (¢ + B — yo) ©

_ Fgxsin(B — )

" cos (@B —n)

where F. is the chip forming force component in the

feed direction of the cutter and F; is the chip forming

force component perpendicular to the feed direction, both
expressed in Newtons.

(10)

Plowing force model

(1) Modeling of the tool-chip contact length

Due to the limitations of the milling process, the cutting
edge of a micro end-mill cannot be considered perfectly
sharp. Furthermore, the uncut chip thickness can be reduced
to dimensions comparable with those of the tool edge
radius; therefore, the plowing action will be more dominant.

Since milling is an intermittent cutting process, edge
radius r, and contact length b are important factors affecting
the plowing force induced by the cutting edge in the milling
process. Therefore, edge radius r, and contact length b
between the tool and the chip should be first obtained in
order to solve the plowing force components. In the milling
process, contact length b between the tool and the chip
is related to the axial cutting depth a, , spiral angle ¢ ,
and milling form. Taking semi-milling as an example, the
formula for determining whether the cutting edge cuts the
workpiece can be derived as

2
i I kx5 <gr<kx5+ 20 an
- 2x%a
0 kx5+FL<p=k+D3

Where ¢ is the rotation angle of the tool,k = 0, 1,2, 3,
ap is the axial cutting depth, and d is the diameter of the
milling tool. When j = 1, the corresponding value of d

Fig.3 Axial expansion of spiral Cutting edge 1 Cutting edge 2 Cutting edge 3 Cutting edge 4 Cutting edge 1
milling tool ) 7
i
y 4
nixd/4
-
nxd
— —
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indicates that a cutting edge exists that cuts the workpiece.
When j = 0, the corresponding value of d indicates that no
part of the cutting edge cuts the workpiece.

When a cutting edge cuts the workpiece, a relationship
can be established between the axial cutting depth a,
and the contact length b between the tool and the chip.
According to Fig. 3, the contact length between the tool and
the chip can be expressed as

2*«/§a
b= ds"Z=1 (12)
% Z>1

Where a,, is the axial cutting depth and d is the diameter
of milling tool.

(2) Cutting layer parameters of edge preparation

As shown in Fig. 1, the plowing force can be calculated
using the Waldorf slip-line field model. Angle o of the
connection area between the chip and the uncut layer is 10

Fig.4 Schematic illustration of
milling tool: (a) No helix angle;
(b) With helix angle

degrees [18] . The friction condition n on the CA surface
can be expressed as [19]

n = 0.58 x arcos (m1) (13)

where m is the friction coefficient of the dead-metal zone,
usually 0.8.

Radius R of the fan field can be solved according to the
relation between the edge radius r, and the fan field, as
shown in Fig. 1. Angles 6 and & are calculated based on their
relationship, as follows [19]:

V2 % sinp

2
—— | +2%(Rx*sinp)?
tan(’i-ﬁ-yzo)i| ( 2

. s Yo
R= t (f +2)+
sin T]*J |:l’e * tan 4 B )

(14)

6=2-p-¢ (15)

£ =1+ ¢ — arcsin(v/2  sin p * sin ) (16)

where r, is the edge radius.
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(3) Establishment of plowing force component model

The plowing force component P. in the tool feed
direction and the plowing force component P; perpendicular
to the tool feed direction are

P. = Siﬁn * T b[(1+2%& +2%0 42 %sin(2%n)) *sin(p — & + 1)
+cos(2 x n)* cos(¢p — & + )] 17

P, =ﬁ*r*b[(l+2*§+2*9+2*sin(2*n))*cos(¢—§+n)
+cos(2 x n)*sin(¢ — & +n)] (18)

where b is the contact length between the tool and the chip.
Cutting force model

From Fig. 1, it can be observed that the total cutting
force Fc¢ in the feed direction of the milling tool is com-
posed of the chip forming force component F, in the feed
direction and the plough cutting force component P, in the
feed direction. The total cutting force F7 perpendicular to
the feed direction is composed of the chip forming force
component F; perpendicular to the tool feed direction and
plough cutting force component P; perpendicular to the feed
direction.

Therefore, the cutting force components of the edge
prepared milling tool can be expressed as

Fc=F.+ P (19)

Fr=F+P (20)

The relationship between the axial cutting force Fp and

cutting force F¢ in the tool feed direction is shown in Fig. 4.
From Fig. 4 (b), the axial cutting force Fp is

Fp = Fc xtan$ 21

where § is the spiral angle.

Based on the obtained total cutting force in the tool feed
direction, perpendicular to the tool feed direction, and in the
axial direction, the formula for converting the total cutting
force into the workpiece coordinates in the X, Y, and Z
directions is

F, Fc
Fy | =K | Fr (22)
Fz FP

where K is the conversion factor. The coefficient can be
solved using a system of equations.

A flowchart of the parameter identification process of the
micro end-milling cutting force model is shown in Fig. 5.

Milling Process Simulations

Simulations of the milling were used to verify the cutting
force model. The simulation model was established in

SEM

Fig. 5 Flowchart of parameter identification process of micro end-
milling cutting force model

AdvantEdge, a simulation and analysis software based on
the FEM, as shown in Fig. 6. The AdvantEdge software is
often used to analyze cutting, forming, and heat treatment
processes. Cutting tool properties and cutting process
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Fig.6 Finite element model of
milling process

parameters can be optimized through simulations, which
effectively remove the cost of performing experiments.

For the simulations, corner milling with down milling
was adopted. Three-dimensional (3D) models of the cutting
tool with different edge radiuses and the workpiece were
established in SolidWorks. The cutting tool was a cemented
carbide end milling tool (ZX40). The tool geometry and
material properties are presented in Table 2. The workpiece
as 45 steel in an annealed state with dimensions of
160*100*50mm.

The friction coefficient was set as 0.8, the initial
temperature was 25 °C, and the rotation angle was 90°.
Selecting the appropriate constitutive equations is the key to
realizing accurate cutting simulations. The Johnson—Cook
model takes into account the effects of different factors,
such as strain, strain rate, and thermal softening on the
hardening stress of materials, and is particularly well suited
to simulating metal materials at high strain rates; therefore,
the Johnson—Cook constitutive equation is also referred to
as the flow stress equation. To balance simulation speed and
accuracy, the minimum mesh value of the tool was set to 1/3
of the edge radius. A coarse mesh was used farther away
from the cutting edge, while a finer mesh was applied close
to the cutting edge.

The main parameters of the milling process that were
used to evaluate the influence of cutting edge preparation on
the cutting force are the edge radius r,, milling speed, cutter
tool feed rate, cutting depth, and rake angle. The specific

Table 2 Tool geometry and material properties

=

Temperature (°C|

111.895
106.152
100.408

| 94,6648
| 88.9214
1 83.1779
77.4345
71.601

65.9476
60.2041
54.4607
I 48.7172

429738
-5 - 37.2303
31.4869
25.7434

milling parameter values used in simulations are presented
in Table 3.

Milling Process Experiment

To validate the theoretical model proposed in this paper, the-
oretical cutting torque values were compared to experimen-
tal measurements. During the milling process, the cutting
parameters and edge radius will affect cutting performance.
Therefore, orthogonal experiments were designed to accu-
rately reflect the influence of the cutting parameters and
edge radius on cutting performance. The drag finishing
method was used to edge prepare the cemented carbide tool,
as shown in Fig. 7, and the tools with different asymmet-
ric cutting edges were obtained and used to perform milling
experiments on a 45 steel workpiece.

The drag finishing method can be used as both the edge
preparation process and workpiece polishing. Dispersed
solid abrasives, including walnut powder, brown corundum
particles, and silicon carbide particles mixed at a certain
ratio, were packed into a container. The tool was then
installed on the spindle and passed through the abrasive
particles along a two-stage planetary trajectory. This method
can realize both rotational and the revolution movements
of a single tool, as well as a group of tools. The tool
edge is prepared by continuous impacts from dispersed
solid abra-sive particles, which remove micro defects,
thereby realizing efficient and uniform edge preparation.

Rake angle Relief angle Edge length (mm) Total Length (mm) Rolling friction coefficient
14° 15° 25 75 0.01

Poisson’s ratio Shear modulus (Pa) Density (Kg/m3) Diameter (mm)

0.3 2.63 % 10! 1456 10
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Table 3 Conditions used in milling simulations

number Speed Feed Cutting Depth Rake angle Edge radius

(r/min) (mm/Z) (mm) ©) (um)

1 2300 0.13 0.8 19 11.8
2 2300 0.13 0.8 17 11.8
3 2300 0.13 0.8 15 11.8
4 2300 0.13 0.8 14 11.8
5 2300 0.13 0.8 11 11.8
6 2300 0.13 0.8 10 11.8
7 2300 0.1 0.8 14 11.8
8 2300 0.11 0.8 14 11.8
9 2300 0.17 0.8 14 11.8
10 2300 0.13 0.8 14 7.1

11 2300 0.13 0.8 14 17.7
12 3000 0.25 1.0 14 27.0
13 2300 0.13 0.8 14 353
14 2000 0.17 1.2 14 17.7
15 2100  0.17 1.2 14 17.7
16 2300 0.17 1.2 14 17.7
17 2700  0.17 1.2 14 17.7
18 2000 0.1 0.5 14 7.1

Since movements of the dispersed solid abrasive particles
are random, this complex behavior is difficult to model,
and further studies on the edge preparation process are
still needed. Following the edge preparation process,
asymmetric edge morphologies of the cutter were analyzed
using the Infinite Focus SL optical 3D measurement system,
as shown in Fig. 8.

A horizontal three-axis milling vertical machining center
(KMC800V) was used to perform the required experi-
ments using the following parameters: travel range of 800
mm, 650 mm, and 450 mm along the x, y, and z axes,
respectively; maximum torque of 62 N-m; maximum feed
speed of 48 m/min and 60 m/min, along the x and y axis,
respectively; maximum speed of 16000 rpm; positioning
accuracy of 8.5 um. The cutting force was measured with
a Spike® wireless dynamic cutting dynamometer installed
inside the tool handle or spindle, which can directly and
wirelessly detect the cutting force and torque. The main
components of the cutting force detection system included
a HSK63 wireless induction knife handle, Spike receiver,
computer, and data acquisition software (Spike Tool Mea-
surement 2016 EN). The cutting forces were processed and
analyzed in the data analysis software of the dynamome-
ter (Spike Tool Analyzer, 2016). The KMC800 V three-
axis milling vertical machining center is shown in Fig. 9.
Parameters used in the milling experiments are presented
in Table 4.

SEM

Fig.7 Photograph of drag finishing machine

Results and Analysis

Comparison of Theoretical and Simulated Cutting
Forces

To verify the theoretical model, cutting forces,Fy ,Fy,
F, and , were calculated using the proposed model and
compared with simulated values, as shown in Fig. 10. For all
milling conditions, good agreement between the numerical
and simulation results was observed.

Figure 10(a) shows that the trend of cutting force from
the theoretical model is the same as the simulation results.
The minimum and maximum relative errors were 0.6%
and 23.2%, respectively, except for group 13, the error
was more than 20%, the others were less than 20%, and
the mean error of all groups was 8.89%,suggesting that
ignoring the end edge does not greatly affect the cutting
force F) . Similarly, the trends of cutting force Fy from the
model and simulations were similar, as shown in Fig. 10(b),
and the total error is small. The trends of cutting force
F, produced by the theoretical model and simulation are
the same, as shown Fig. 10(c), however, the simulated
values are smaller. In this paper, the edge only considers
the circumference edge in the theoretical force model.
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Fig. 8 Infinite Focus SL optical
3D measurement system

Fig. 9 Photographs of the
KMCS800 V three-axis milling
vertical machining center

Table 4 Experimental milling
conditions

feona

30 mage of cutting edoe
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P B0 m Nean radus of mean edge
B SO Wedge e
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Fiype Waetal  Esorares Corvnre Edoe peometry

Spike wireless dynamic
cutting dynamometer

SPIKE Tool Analyzer 2016E

number Edge radius Feed Speed ap ae
(um) (mm/Z) (r/min) (mm) (mm)

1 5.40 0.12 800 1.6 1.7
2 5.40 0.16 1600 2.8 1.0
3 5.40 0.08 2400 22 3.1
4 6.20 0.16 2400 2.8 1.7
5 6.50 0.08 3200 2.8 1.7
6 6.20 0.12 3200 22 1.0
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Fig. 10 Comparison of theoretical and simulated cutting force values: (a) Cutting force F) ; (b) Cutting force F ; (c) Cutting force F; ; (d)

Cutting force F;

However, in the simulation cutting process, the milling tool
end face is affected by the reaction force of the machined
surfaces. Therefore, the simulated values of cutting force
F, decreased. So,the simulated values of cutting force F is
lower than the evaluated.

In fact, this model presents regular errors due to simpli-
fied conditions, which is common in the process of cutting
force modeling. For example, Kang et al. [20] introduced
dimensionless compensation coefficient to compensate for
the errors caused by material characteristics. In this paper,
the correction coefficient is also introduced to reduce the
model error.

F,=cF, (23)

SEM

In equation (23), ¢ is the average value of experimental
correction coefficient of each group, taking 0.816. The cor-
rected cutting force and simulation value are shown in
Fig. 10(d). It can be seen from the figure that the error be-
tween the model and simulation is small, the minimum error
18 0.11% and the maximum error is 15.22%, so the corrected
model is effective.

Influence of Edge Radius and Cutting Parameters on
Cutting Force

The influence of edge radius r, and cutting parameters on
the cutting force are illustrated in Figs. 11, 12, 13 and 14.
From Fig. 11, it can be observed that as the edge radius
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280

120 - Speed/2300(r/min) = Evaluated F |
Feed/0.13/(mm/z) ® Evaluated F,
Cutting depth/(0.8) Evaluated F,
100 |- Fit F,
——FitF,
g FitF,
8 sof
]
a0
k=
§ . /
e L
40 |
20 1 1 1 1 1
7.1 11.8 17.7
Edge radius (um)
Fig. 11 Variation of cutting force with edge radius

re increases, the cutting force increases. When edge radius
re is large and increasing, the strain and temperature of
the processing surface also increase. A larger cutting force
is needed to cut the material, therefore, the cutting force
increases with the edge radius. Cutting force F), increases
more significantly than F, and F, with the increasing edge
radius. As shown in Fig. 12, the cutting force gradually
increases as the rake angle decreases, and Fy significantly
increases. As the rake angle decreases from 19° to 10°, Fy
increases by about 19%, while Fy and F; increase only
slightly. Figure 13 shows that the cutting force decreases
slowly with the increasing milling speed. In addition, as the
feed per tooth increases, the cutting force tends to increase,
as shown in Fig. 14. Growth of the cutting area causes
an increase in the cutting force, however, the effect on F
is more significant, compared to Fy and F, . When the
feed per tooth increases from 0.10 mm/z to 0.17 mm/z, Fy
approximately doubles.

Edge radius/17.7(um) = Evaluated F,
Rake angle/14° ® Evaluated F,
Feed/0.17(mm/z) Evaluated F,
240 - Cutting depth/1.2(mm) ——FitF,
—Fit F,
=~ FitF,
a 200
Q
2 Y
<
on
£ 160
£ L
®)
120
80 1 1 1 1 1 1 1 1 J
2000 2100 2300 2700
Speed (r/min)

Fig. 13 Variation of cutting force with milling speed

Comparison of Theoretical and Experimental
Cutting Torque

The milling tool torque can be expressed in terms of the total
cutting force F¢ and milling tool diameter d as

d
T=Fc*—

5 (24)

A comparison of the theoretical and experimental values
of torque is presented in Fig. 15, and similar trends can be
observed. The minimum error is 1.1% and the maximum
error is 21%. Similar to “Comparison of Theoretical and
Simulated Cutting Forces”, except for the second group, the
error is more than 20%, the rest are less than 20%, and
the mean error of all groups is 13.12%.The experimental
results show that the theoretical model of cutting force can
accurately predict torque in the milling process using an
edge prepared milling tool.

120 - Edge radius/11.8(um) = Evaluated F,
Speed/2300(r/min) ® Evaluated F,
10 - Feed/0.13(mm/z) Evaluated F,
Cutting depth/0.8(mm) Fit F,
100 |- ——FitF,
~ FitF,
& 9t
o
2
< 80
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g
s 70t
O
60 |-
50 | ._____.-——’4"/.——‘
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Rake angle (°)

Fig. 12 Variation of cutting force with milling rake angle

150 Edge radius/11.8(um) " Evaluated F,

Speed/2300(r/min) ® Evaluated F,

Rake angle/14° Evaluated F,
Cutting depth/0.8(mm) ——FitF,
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FitF,
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o
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0.10 0.1 0.13 0.17
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Fig. 14 Variation of cutting force with tool feed
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Fig. 15 Comparison of theoretical and experimental values of torque

Conclusion

This paper presented a novel micro end-milling force model
derived using material constitutive equations, metal cutting
theory, and slip-line theory. The established cutting force
model considering cutting edge preparation was verified
through simulations and validated by experiment. The main
conclusions can be summarized as follows:

(1) The edge radius can significantly affect the micro
end-milling process. Predicted cutting forces increase
with increasing cutting edge radius. Cutting force
component F) increases more significantly than Fy
and F; as the edge radius increases.

(2) The variation of cutting force F, observed using the
proposed theoretical model is similar to the trend in
simulated values, with a minimum error is 0.6% and
the mean error is 8.89%. Ignoring the cutting force
solution of the end edge has no obvious effect on F)
. The theoretical and simulated cutting force F) is
similar, and the total error is small.

(3) The variation of cutting force F, observed using the
theoretical model is similar to the observed trend of
simulated values, however, the simulation results are
smaller. This is likely because the effect of the end
edge on cutting force is ignored in the theoretical
modeling process, which could lead to larger values of
the axial cutting force component Fp . By introducing
the correction coefficient, the prediction error can be
kept below 15.22%.

(4) The variation of torque observed in the theoretical
results is the same as the trend of torque values
measured in milling experiments, with a minimum
error of 1.1% and mean error of 13.12%. The

results show that the theoretical model can accurately
calculate the torque of milling tools with different edge
radiuses.
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