
ORIGINAL ARTICLE

Finite element simulation analysis of bionic ball-end milling cutter

Wei Zhang1,2
& Lei Zhang1

& Ben Wang1
& Shuqi Wang1

Received: 31 October 2018 /Accepted: 15 April 2019 /Published online: 8 May 2019
# Springer-Verlag London Ltd., part of Springer Nature 2019

Abstract
In the process of cutting titanium alloy by ball-endmilling cutter, the surface quality of the workpiece is difficult to guarantee, and
the cutting force is the main factor affecting the surface quality of the workpiece. Aiming at the above problems, the bionic
structure is combined with the ball-end milling cutter to simulate the bionic ball-end milling cutter. Firstly, the forming process of
the machined surface during the cutting process of the ball-end milling cutter is analyzed, and the effective cutting speed of the
ball-end milling cutter is solved, the geometric model of equivalent cutting thickness is established. Finally, the finite element
model of the bionic ball-end milling cutter was established to study the equivalent stress state of the workpiece under different
bionic structure types, and the influence of bionic structure on the cutting force was analyzed. The conclusions obtained provide a
theoretical basis for the selection of parameters for the preparation of bionic ball-end milling cutters.
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1 Introduction

Titanium alloy is widely used in the aerospace industry due to
its excellent specific strength and good corrosion resistance,
and has quickly become one of the main structural materials in
this field. The proportion of titanium alloy on the body of
advanced aerospace engines is increasing rapidly. Titanium
alloy has become one of the indispensable materials for the
development of aerospace industry. However, the process per-
formance of titanium alloy is poor, and the cutting process is
difficult, which affects the dimensional accuracy of the ma-
chined surface, and has become a problem in the aerospace
manufacturing industry.

The surface quality of the workpiece during the cutting of
titanium alloy is difficult to guarantee, and the cutting force is
the main cause of this phenomenon. The existing researches
show that the surface of various bionic structures has good
mechanical properties. In order to reduce the cutting force in

the process of cutting titanium alloy, the bionic structure and
the ball-end milling cutter are combined to study the cutting
performance of the micro-textured ball-end milling cutter.
Etsion [1, 2] studies have shown that a suitable laser surface
micro-texture can improve the friction characteristics of the
mechanical parts surface and improve the load-carrying ca-
pacity. Zheng [3] used laser to process the bionic micro-
textured surface and studied the wear performance in parallel,
and the results show that the micro-textured surface has better
wear resistance. Thepsonthi [4] studied the role of coated tools
in the micromachining of Ti-6Al-4V titanium alloy and re-
vealed the effect of micro-end milling cutter on cutting force
generation, tool temperature, contact pressure, and sliding
speed. Kawasegi [5] machined the micron and nano groove
texture on the rake face of the turning tool. The cutting force of
the micro-texture is lower when the cutting speed reaches
420 m/min, and the friction of the rake face is caused by the
insertion of the texture. Lowering the groove texture perpen-
dicular to the chip outflow direction has a better antifriction
effect. Zhang [6] prepared the texture morphology on the sur-
face of TiAlN coated tool, carried out the AISI1045 hardened
steel cutting experiment under the condition of trace and full
lubrication, and analyzed the cutting performance of the tool.
The results show that the cutting performance of the texture
tool is better. Ronen [7] processed the surface of pits with
different sizes on the piston ring. The friction and wear exper-
iments showed that the average friction of the piston ring
specimen with the concave surface was 30% smaller than that
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of the ordinary test piece. Enomoto [8] processed a groove-
like micro-texture of a certain density at the rake face of the
insert near the cutting edge. It was found through experiments
that the micro-texture can improve the anti-bonding of the tool
during dry cutting and wet cutting.

Lei [9] used finite element software to analyze the influ-
ence of micro-pits on the rake face on the mechanical proper-
ties of the tool and then used the femtosecond laser processing
technology to prepare the cemented carbide tool with micro-
pits, and it was found that the average cutting force of the tool
with micro-pits on the rake face was reduced by 10–30%
compared to the conventional tool. Rao [10] analyzed the
cutting geometry model of contour surface milling and calcu-
lated the chip thickness variation during machining by contin-
uously simulating the tool path. Mhamdi [11] analyzed the
inclination angle of the cutting path of the tool and obtained
the influence of the milling cutter position and cutting process
parameters on the surface morphology of the machining pro-
cess when the ball-end milling cutter was used to process the
free-form surface mold. Senatore [12] studied the problem of
tool structure selection and milling spacing in surface machin-
ing. Jiang [13] designed the cutting edge of the milling cutter
by observing the appearance and structure of the corn leaf.
The experiment and simulation were compared with the ordi-
nary milling cutter. The experimental results show that the
biomimetic structure can effectively suppress the tool vibra-
tion. Zhong [14] studied the surface of bionic non-smooth
organisms and found that the non-smooth surface has the
characteristics of reducing resistance, anti-sticking, and anti-

friction. The bionic non-smooth theory is applied to the design
of diamond drill bits, and it has been found through experi-
ments that it has great advantages compared with convention-
al drill bits. Sczerzenie [15] considered the size effect of the
tool and the anisotropy of the structure, the surface integrity
and chip formation process in the ultra-precision cutting tita-
nium alloy orthogonal test were studied, and the surface mor-
phology and the formation of the burr were studied in detail.
Yao [16] analyzed the effects of processing parameters on
three-dimensional surface topography and fatigue life through
high-speed milling and fatigue life test, and the fracture mech-
anism of fatigue specimens was used to reveal the mechanism
of surface morphology on fatigue cracks. Honghua [17] used
PCD and carbide tools for high-speed finishing TA15 wear
test and studied the service life of PCD and carbide tools.
Razfar [18] proposed that the surface topography of the work-
piece has a great influence on the performance of the work-
piece, such as fatigue resistance, surface friction, wear, light
reflection, and heat transfer. Ren [19] has carried out biomi-
metic studies on the surface of a large number of crustaceans
and found that there are many pits and groove structures in the
living body table, and applying the bionic structure to agricul-
tural equipment can reduce the adhesion of mechanical sur-
faces and soil. It has an important influence on the size and
arrangement of the microstructure of the organism. Peng [20]
studied the formation of surface topography, surface texture
interval, surface texture height, and surface texture direction
by simulation and experiment, and proposed a method to con-
trol the surface texture direction.

(a) Chip cross-sectional area (b) Equivalent cross-sectional area

Fig. 2 Chip formation process.
(a) Chip cross-sectional area. (b)
Equivalent cross-sectional area

(a) Tool is not worn (b)Tool wear

Fig. 1 Ball-end milling cutter
cutting bevel. (a) Tool is not
worn. (b) Tool wear
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In order to further reduce the cutting force generated by the
ball-end milling cutter during the process of cutting titanium
alloy, on the basis of establishing the idea and application of
bionic design, the bionic structure and the ball-end milling
cutter are combined to prepare the micro-textured ball-end
milling cutter. A finite element analysis model was established
to analyze the distribution of equivalent stress states on the
workpiece surface by different texture types.

2 Ball-end milling cutter milling surface
forming principle

2.1 Effective cutting speed of ball-end mill

The ball-end milling cutter has an effective cutting radius of
0 at the tool tip during the cutting process, so the cutting speed
at the tool tip is also zero. The tip of the tool participates in the
cutting, which leads to the degradation of the surface quality
of the workpiece and reduces the service life of the tool.

During the cutting process, the cutting speed of the cutting
edge varies with the position of the contact point of the tool
and the workpiece. The cutting condition in which the cutting
workpiece is inclined at an angle θ when the ball-end mill is
not worn is as shown in Fig. 1(a).

d is the tool diameter, de is the effective cutting diameter, ap
is the cutting depth, and θ is the workpiece inclination angle.
de

* is the effective cutting diameter after the tool wears, and
VB is the effective cutting diameter difference before and after
the tool wear.

de ¼ dsin θþ cos−1
d−2ap
d

� �
ð1Þ

vmin ¼ π d nsinθ ð2Þ

vmax ¼ π d nsin θþ cos−1
d−2ap
d

� �
ð3Þ

When the ball-end mill wears, the highest cutting point on the
cutting edge moves from A to A1. After wear, the effective diam-
eter of the ball-end mill is:

Fig. 3 Machined surface topography by ball-end cutter

Table 1 Different bionic structure morphology of the cutting edge

No texture Pit texture
Vertical 

groove

Transverse 

groove

Orthogonal 

micro-texture

Offset angle 

0.3°
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de* ¼ d−VBð Þsin θþ cos−1
d−2ap
d

� �
ð4Þ

It can be seen that as the amount of wear on the rake face
increases, the maximum effective cutting diameter decreases,
resulting in a decrease in the actual maximum effective cutting
speed. The cutting speed in turn causes a change in the cutting
environment, and the cutting force, cutting temperature, and
tool life will both have an impact.

2.2 Calculation of equivalent cutting thickness

The shape of the chip cross section is the portion surrounded
by the trajectories of the adjacent two teeth, so the chip thick-
ness is continuously changed. The feed per tooth and the tool
radius determine the geometry of the chip. The chip formation
process is shown in Fig. 2.

α is the chip angle, fz is the feed per foot, r is the cutting
radius, h is the equivalent cutting thickness, A is the chip
cross-sectional area, S is the coincident portion of two consec-
utive cuts, and the chip angle α shown in Fig. 2(a) is:

α ¼ π −cos−1
f z
2r

ð5Þ

The cross-sectional area A of the chip is:

A ¼ 1

2
π r2−S ð6Þ

The coincident portion S of two consecutive cuts is:

S ¼ 1

2
r2 2cos−1

f z
2r
−sin 2cos−1

f z
2r

� �� �
ð7Þ

Bring Eq. (7) into Eq. (6) is:

A ¼ 1

2
r2 π−2cos−1

f z
2r
−sin 2cos−1

f z
2r

� �� �
ð8Þ

The chip thickness is continuously variable, and since the
feed per tooth is small and the rotational speed of the tool is
high, so the thickness change is small. The continuously
changing chips are simplified into equivalent chips of uniform
thickness distribution, and the equivalent cutting thickness
shown in Fig. 2(b) is:

h ¼ r−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2−2

A
α

r
¼ r−r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos−1

f z
2r
−sin 2cos−1

f z
2r

� �

π−2cos−1
f z
2r

vuuuuut ð9Þ

2.3 Machined surface formation process

Due to the influence of the tool itself and the trajectory of the
tool, there are residual tool marks on the surface of the work-
piece, and these tool marks constitute the processed surface
topography. The ball-end mill rotates 1 week to form a sphere,
and the surface of the workpiece can be simplified into a
sphere to perform Boolean operations on the workpiece. The
surface of the ball-end mill after cutting the workpiece is com-
posed of a plurality of small pits surrounded by four ridge
lines, as shown in Fig. 3.

Figure 3 shows the contact relationship of the tool-work-
piece. Since the line spacing ae is large and the feed per foot fz
is small, the surface topography formed by the ball-end mill

Fig. 4 The relationship between tool and workpiece assembly

Fig. 5 Finite element model meshing
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cutting is shown in Fig. 3a. Since the feed per foot fz is large
and the line spacing ae is very small, the surface topography
formed by the ball-end mill cutting is shown in Fig. 3(c).

3 Geometric model building and meshing

3.1 Establishment of geometric models

The first step in the establishment of the finite element model
is to transform the entity into a geometric model that accurate-
ly describes the spatial geometric relationship of the entity and
facilitates the division of elements and nodes. Three-
dimensional modeling in UG software, the overall size of
the geometric model, is not conducive to the calculation of
the solution, the corresponding simplified processing of the
tool only modeling the blade part.

The rake face of the tool is placed into the pit texture, the
vertical groove, the transverse groove, and the orthogonal mi-
cro-texture. At the same time, the texture of the different
lengths and different offset angles of the cutting edge is de-
signed for the pit texture. Considering the influence of the
bionic structure on the tool strength and the size of the bionic
structure in the reference, the bionic structure parameters are
defined as follows: The distance from the cutting edge is
80 μm~120 μm, the offset angle is 0.1°~0.5°, the texture has
a diameter of 40 μm, the center distance is 80 μm, and the
depth is 20 μm; the different textures of the cutting edges are
shown in Table 1.

In order to improve the calculation efficiency, the overall
model size is scaled proportionally, and the model size is one
fourth of the original model. The diameter of the tool is φ
10 mm, the size of the workpiece is 10 mm× 5 mm× 6 mm,
the angle between the surface of the workpiece and the hori-
zontal plane is 15°, the workpiecematerial is TC4, and the tool
material is cemented carbide. The tool-workpiece assembly
relationship diagram is shown in Fig. 4. The model was con-
verted to IGES data format and imported into the finite ele-
ment simulation software Abaqus.

3.2 Cell selection and meshing

In finite element simulation, meshing is the most important
step, and the reasonable degree of meshing will directly affect
the simulation time and calculation accuracy. In the finite el-
ement simulation process, the meshing must be given enough
attention. In this study, the blade uses the C3D10M unit,
which is a ten-node modified quadratic tetrahedral element.
Due to the placement of the texture, the mesh is refined at the
cutting edge, and the blade uses a C3D8R unit, which is an

Table 2 Meshing of cutting edges of different bionic structure

No texture Pit texture
Vertical 

groove

Transverse 

groove

Orthogonal 

micro-texture

Offset angle 

0.3°

Table 3 Johnson-Cook model parameters of Ti6Al4V

A (MPa) A (MPa) n C m Tm (°C) T0 (°C)

900 800 0.22 0.014 1.1 1650 25

Strain hardening

Damage begins

Thermal softening

Damage evolution

Material
stiffness is
completely
degraded

d

c
b

a

Fig. 6 The stress-strain curve during material failure
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eight-node linear hexahedral unit. Using the unit deletion and
second-order accuracy options, the workpiece is judged to be
invalid due to the fracture criterion. The finite element model
meshing is shown in Fig. 5, and the meshing of the cutting
edges of different bionic structure is shown in Table 2.

4 Key technology of finite element simulation
process

4.1 Establishment of material model

Whether the numerical simulation results of metal cutting pro-
cessing can reflect the actual processing depends largely on
the establishment of constitutive equations, so it is of great
significance to establish accurate material models in finite
element simulation. The cutting process has the characteristics
of high strain rate, high temperature, and large strain. In many
constitutive relation models, the Johnson-Cook model as an
ideal rigid-plastic strengthening model can reflect the strain

hardening of the material at high strain rate (102~106 s−1) and
can reflect the thermal softening effect. Therefore, selecting
the Johnson-Cookmodel to describe the workpiece material is
beneficial to the simulation results closer to the actual situa-
tion. The J-C constitutive equation expression is:

σ ¼ Aþ Bε
n� �

1þ Cln
ε˙

ε0˙

" #
1−

T−T 0

Tm−T 0

� �m� �
ð10Þ

σ is the equivalent plastic stress, ε is the equivalent plastic
strain, ε̇ is the equivalent plastic strain rate, ε0˙ is the reference
plastic strain rate, Tm is the melting point of the material, and
T0 is usually defined as room temperature 25°. When defined
below T0, material properties are independent of temperature;
A, B, C,m, and n are the material initial yield stress, hardening
coefficient, strain rate sensitivity coefficient, thermal softening
coefficient, and work hardening index, where A, B, C, m, and
n are the material constants. The Johnson-Cook model param-
eters of the Ti6Al4V material are shown in Table 3.
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4.2 Establishment of friction model

In the metal cutting process, the friction along the knife-chip
interface plays a very important role and must be given a high
degree of attention. As the tool cuts into the workpiece and the
chip separates from the workpiece, the friction between the
tool rake face and the chip is generated. The friction is divided
into two regions: One of the areas is from the tip of the knife
along the rake face to a certain point, the frictional stress is
constant, the area is the viscous friction zone, and the chip is in
plastic contact. Another area is the sliding friction zone con-
tinuing from the point along the rake face where the knife-chip
elastic friction occurs, and the frictional property in this region
is that the external friction conforms to the Coulomb friction
law. The rules for dividing the viscous friction zone and the
sliding friction zone are:

μσn≥σs Viscous friction zoneð Þ : τ f ¼ σn

μσn≥σs Sliding friction zoneð Þ : τ f ¼ μσn

	
ð11Þ

τf is the friction shear stress on the rake face, σs is the
maximum shear stress of the workpiece material, σn is the
normal stress of the rake face, and μ is the coefficient of
friction on the rake face.

4.3 Material failure criterion

Whether the sawtooth shape chip can be formed during the high
speedcuttingof the titaniumalloy is related to theparameters used
in the fracture criterion, and the selection of the fracture criterion
dependsentirelyon theconstitutivemodelof theselectedmaterial.
The failure process can bedivided into two stages: damage failure
of materials and damage evolution of materials. The stress-strain
curveduringmaterial failure is shown inFig. 6.Section (a-b) is the
stage of elastic deformation of thematerial. As the stress increases
to the yield stress σy, the material deformation enters the plastic
phase from the elastic phase, and the material undergoes strain
hardening, section (b-c) is the stage of plastic deformation of the
material.As the stress continues to increase to point c, thematerial
begins to fail and the equivalent stress of the material begins to

(a) No texture                     (b) Pit texture  

(c)    Vertical groove                 (d)  Transverse groove

(e) Orthogonal micro-texture                   (f) Offset angle 0.3°

Fig. 8 The stress cloud diagram
of the cutting process of different
texture types. (a) No texture. (b)
Pit texture. (c) Vertical groove. (d)
Transverse groove. (e)
Orthogonal micro-texture. (f)
Offset angle 0.3°
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degrade. Then, the material enters the stage of damage evolution,
and the thermal softening phenomenon of the material is very
obvious. When the stress reaches the point d, the stiffness is
completely degraded and the material completely fails.

The expression for the fracture criterion of the Johnson-
Cook material model is:

ε fp ¼ D1þ D2exp D3
σP
σ*

� �� �
� 1þ D4ln

ε0
εp

� �
� 1þ D5

T−T 0

Tm−T 0

� �� �
ð12Þ

ε f
p is the equivalent plastic strain of failure, σp is the com-

pressive stress, σ* is the mean of the three directions of normal
stress, εp is the strain rate, ε0 is the reference strain rate, and
D1-D2 is the failure parameter of the material.

5 Analysis of cutting simulation results
of bionic ball-end milling cutter

5.1 Titanium alloy workpiece surface stress state

Combined with the actual machining situation, the simulated
milling parameters are vc = 120 m/min, fz = 0.08 mm/z, ap =

0.5 mm, and ae = 0.3 mm; the finite element simulation process
of the pit texture cutting process is shown in Fig. 7. Figure 7a
shows the state in which the tool is cut into the workpiece, Fig.
7b shows the state in which the tool is cut, and Fig. 7c shows the
state in which the tool is cut out, respectively. Since the ball-end
mill cutting process is alternately cutting between the two teeth,
the cutting thickness of each tooth is continuously changed.
During the cutting process, the tool and the machining surface
are closely fitted, and the tool forms amaximumequivalent stress
zone at the contact portion of the workpiece, and the shear slip is
also the first deformation zone in the region.

The stress cloud diagram of the cutting process of different
bionic ball-end mill is shown in Fig. 8. In the undeformed chip
distribution, the maximum equivalent stress appears near the
cutting edge, and the equivalent stress expands outwardly around
the knife-work contact point, the farther away from the cutting
area, the smaller the equivalent stress value. There is a significant
difference in the maximum equivalent stress value on the surface
of the workpiece; the maximum equivalent stress values of the
workpiece no texture, pit texture, transverse groove, vertical
groove, orthogonal micro-texture, and offset angle of 0.3° are
2468 Mpa, 2301 Mpa, 2322 Mpa, 2368 Mpa, 2386 Mpa, and

Fig. 9 Non-texturing tool cutting force curve

3158 Int J Adv Manuf Technol (2019) 103:3151–3161



2357 Mpa. Compared with the non-textured ball-end mill, the
maximum equivalent stress value of the bionic ball-end mill is
reduced by 3.5–7.2%, and the equivalent stress area and depth of
the non-textured ball-end mill are larger than the bionic ball-end
mill. It can be seen that the placement of the biomimetic structure
can improve the equivalent stress distribution state of the work-
piece surface.

5.2 Analysis of titanium alloy cutting force simulation
results

The source of cutting force mainly includes two aspects: On
the one hand, during the cutting process of the tool, the surface
of the workpiece undergoes elastoplastic deformation to gen-
erate resistance. On the other hand is the friction generated
between the tool and the chip during the cutting process. Since
the friction between the bionic ball-end mill and the chip is
reduced, it can be seen that the insertion of the bionic structure
can play a role in anti-wear to a certain extent.

The cutting force of the non-texturing tool in the three direc-
tions of X, Y, and Z is as shown in Fig. 9. In Fig. 9a, the cutting

force in the X direction is 381 N, and the cutting force in the Y
direction in Fig. 9b is – 174N; the cutting force in the Z direction
in Fig. 9c is – 126 N. The cutting force of the pit texture tool in
the three directions of X, Y, and Z is as shown in Fig. 10. In Fig.
10a, the cutting force in the X direction is 349 N, and the cutting
force in theY direction in Fig. 10b is – 143N; the cutting force in
the Z direction in Fig. 10c is – 124 N. It can be seen from the
analysis that the cutting force of the pit texture tool in the X and
Y directions is much smaller than that of the non-textured tool,
indicating that the placement of the pit texture plays a positive
role in reducing the cutting force. Since the ball-endmill does not
move in the Z direction, the cutting forces in the Z direction are
the same in Figs. 9 and 10.

Figure 11 shows the effect of bionic structure on cut-
ting force. It can be seen from Fig. 11(a) that as the offset
angle increases, the cutting force decreases first and then
increases. It can be seen from Fig. 11(b) that the cutting
force decreases as the distance from the cutting edge in-
creases. It can be seen from Fig. 11(c) that the cutting
force of the non-textured tool is large, and the difference
in the cutting force between the different bionic structures

Fig. 10 Pitch texture tool cutting force curve
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is not significant. Because of the different arrangement of
the bionic structures, the form of the knife-chip contact in
the cutting process is different, resulting in different cut-
ting forces. The above results fully demonstrate that the
placement of the bionic structure plays a positive role in
reducing the cutting force of the tool.

6 Conclusions

According to the processing characteristics of the ball-end
milling cutter, the forming process of the machined surface
during the cutting process of the ball-end milling cutter is
analyzed, and the finite element model of the milling process
of the bionic ball-end milling cutter is established to study the
cutting force and stress during the processing of bionic ball-
end mill; the main research conclusions are as follows:

1. Through the ball-end milling cutter along the bevel cut-
ting geometry, it is concluded that the maximum effective
cutting radius of the ball-end milling cutter is reduced

when the tool wears, and the cutting speed is reduced,
resulting in a change in the cutting environment. Based
on the machining characteristics of the ball-end milling
cutter, the geometric model of the equivalent cutting
thickness is established. It is concluded that the feed per
tooth and the tool radius determine the geometry of the
chip.

2. The dynamic simulation of the milling bevel process of
the bionic ball-end milling cutter is realized. The stress
distribution on the surface of the workpiece under differ-
ent bionic structures is analyzed. It is found that there is a
significant difference between the maximum equivalent
stress values of the lower workpiece surface of different
bionic structures. Bionic ball-end milling cutter and no
compared with the maximum equivalent stress value of
the textured ball-end milling cutter, the basic equivalent
data is reduced by 3.5–7.2%, which provides basic data
for the study of the cutting performance of the bionic ball-
end mill.

3. The dynamic cutting force curve during the finite element
simulation process is obtained, and the influence of bionic

3160 Int J Adv Manuf Technol (2019) 103:3151–3161
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structure, distance from the cutting edge, and offset angle
on the cutting force is analyzed. Compared with the non-
textured tool, the bionic ball-end milling cutter has stable
cutting force and small fluctuation, which fully proves
that the placement of the bionic structure plays a positive
role in reducing the cutting force of the tool.

Since the continuously changing chips are calculated as the
equivalent chips of uniform thickness distribution when cal-
culating the cutting thickness, there is a certain deviation in the
calculation process of the cutting thickness. In this paper, the
cutting force of the bionic ball-end milling cutter is studied.
The cutting temperature is not analyzed. Therefore, the tem-
perature needs to be further discussed.
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