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Abstract: TC4 (DIN3.7164/5) alloy thin-walled parts are widely used in aviation and aerospace
industries. However, due to their special structure, shape and poor machinability, large milling forces
and milling deformation often occur in the milling process, which cannot guarantee the machining
quality and accuracy. The milling processing parameters and milling geometric parameters have
a significant impact on the milling force and the deformation, and optimization of the influence
factors of milling deformations is important for milling quality. Considering that performing milling
experiments under multiple conditions is often costly and time-consuming, this paper provides a
finite-element-simulation-based method to study effects of the factors on the forces and deformations
during milling thin-walled parts. Firstly, using ABAQUS, a finite element simulation model of the
milling process of thin-walled parts is established. Additionally, an orthogonal experimental scheme
is designed for optimization of the milling parameters, so as to determine the optimized experimental
scheme, and then the optimized experimental scheme is verified to reduce the milling force and
deformation by finite element simulations. The optimal parameters for a minimal milling force are a
spindle speed of 2000 r/min, a feed rate per tooth of 0.04 mm/z, a milling depth of 1.6 mm, a milling
width of 1 mm, a diameter of 6 mm, a rake angle of 20°, a tilt angle of 45°, and two teeth. Similarly,
the optimal parameters for minimal node deformations are a spindle speed of 4800 r/min, a feed
rate per tooth of 0.18 mm/z, a milling depth of 1 mm, a milling width of 1 mm, a diameter of 16 mm,
a rake angle of 20°, a tilt angle of 40°, and four teeth. In addition, this paper uses an optimization
algorithm to fit the empirical function with a certain practical value, which can provide a reference
for the machining of TC4 titanium alloy. By doing so, we can optimize the milling parameters to
obtain the desired machining quality and accuracy, while also saving on time and resources.

Keywords: TC4; milling; finite element simulation; empirical formula

1. Introduction

Titanium alloy materials are highly desirable in aerospace and marine applications
due to their high specific strength, light weight, and good corrosion resistance. However,
their poor thermal conductivity and the high milling processing temperatures can lead to
serious tool wear, which in turn affects the stability of milling processing and compromises
the quality of processing. Additionally, the thin walls, low strength, and poor rigidity of
titanium alloy thin-walled parts make the milling process susceptible to multiple factors,
including the milling processing parameters and the mill geometry parameters, making it
difficult to ensure machining accuracy. In this paper, we employ the method of orthogonal
analysis and the technology of finite element simulations to investigate the influence of
different milling processing parameters and mill geometry parameters on the milling
deformation of titanium alloy thin-walled parts. By summarizing the influence law, we
establish an empirical function of the milling processing parameters and mill geometry
parameters, which allows us to reasonably select milling parameters and improve the
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milling accuracy of titanium alloy thin-walled parts. This work has important theoretical
significance for the field of milling and provides practical guidance for the optimization of
milling parameters in the processing of titanium alloy thin-walled parts.

The milling force is one of the main factors to evaluate the quality of the milling pro-
cess. At present, many scholars at home and abroad have devoted themselves to research
on the establishment of a prediction model of the milling force of titanium alloy thin-walled
parts. For example, Ge et al. [1] used a five-factor and five-level orthogonal experimental
method to conduct milling tests on titanium alloy thin-walled parts, studying the influence
of milling processing parameters on the milling force through the range analysis of the
milling force, establishing the model of the milling force of titanium alloy thin-walled parts,
and verifying the accuracy of the model. Hu et al. [2] obtained a prediction model of the
milling force of titanium alloy under a specific machining environment after analyzing
and processing a large amount of milling test data based on the response surface method
and orthogonal tests. The regression effect of the prediction model was highly significant
through an ANOVA, indicating that the prediction model is effective in predicting the
milling force in the range of common milling parameters. Tang [3] established a neural
network model for milling force prediction by using a regularized fuzzy neural network
learning algorithm, and the results show that the TC4 milling force prediction model
established by the regularized fuzzy neural network method is reliable. The change in
the milling force, which is intuitively reflected on the thin-walled parts of titanium alloy;
resulted in the deformation of the thin-walled parts during the milling process, which is
also the actual physical quantity that needs to be considered in real applications. At present,
research on the establishment of a deformation prediction model of titanium alloy thin-
walled part milling, such as work by Qian [4] on titanium alloy thin-walled linkage rings
as the object, has launched research on machining process, milling force modeling, defor-
mation prediction, etc., and established the prediction model of titanium alloy thin-walled
parts milling deformation of the inner hole and cutting process machining deformation
prediction models. By means of theoretical analyses and finite element simulations, Pan [5]
studied the deformation of T-shaped and L-shaped titanium alloy thin-wall parts after
machining and studied the influence of the milling speed on the deformation of a T-shaped
workpiece. Gao et al. [6] studied the deformation, burr height, and size errors in the
milling process of thin walls with T-shaped micro-curved surfaces through a finite element
analysis in order to meet the machining quality requirements of thin-wall structures with
micro-curved surfaces, proving that the interaction between key milling parameters cannot
be ignored and establishing a mathematical model of burr height and size errors. The
above-mentioned researchers focused on the influence of milling processing parameters or
mill geometry parameters unilaterally on the milling force or deformation when studying
the influencing factors or empirical formulas related to milling, and there is still a lack of
research on the comprehensive influence brought by the overall parameters of milling.

In order to improve the machining quality of titanium alloy thin-walled parts, the
optimization of milling process parameters is crucial, since these parameters have a sig-
nificant impact on milling deformation and machining quality through their effect on the
milling force. Thus, numerous domestic and foreign scholars have conducted research on
the optimization of milling process parameters for thin-walled titanium alloy parts. For
instance, Yan et al. [7] optimized key processing parameters such as the spindle speed,
milling depth, and feed rate, with the material removal rate, tool life, and thickness of the
residual stress layer as the optimization objects. Li et al. [8] proposed a multi-objective opti-
mization method based on the combination of a response surface method and a weighted
gray correlation analysis for the optimization of milling parameters in the process of milling.
Doriana et al. [9] optimized the milling parameters in the turning process based on a genetic
algorithm and obtained the best combination of milling parameters. Shen [10] established
a milling parameter optimization model with the spindle speed and feed rate as the design
variables and the maximum milling deformation as the minimum objective function, calcu-
lating machining deformation by using a finite element method and optimizing the milling
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parameters of a thin-walled shell of a titanium alloy helmet scanner by using a particle
swarm optimization algorithm. Yue et al. [11] established a finite element simulation model
for the milling process of thin-walled circular titanium alloy parts using the finite element
simulation software ABAQUS, obtained the changes in the stress field and temperature
field under different milling parameters through simulations, and optimized the milling
parameters by combining orthogonal tests with a multi-objective genetic algorithm, which
proved that the optimized milling parameters improved the milling. Ilesanmi et al. [12]
used computer-aided modeling and simulation tools to determine the geometric effects of
indexable double-sided round carbide milling cutters on the surface roughness of titanium
alloys during milling; modeled; iteratively simulated the tool geometry tilt angle, number
of slots, and wedge angle; and generated the most feasible combination of cutting tool
geometry and cutting parameters based on the obtained results to obtain the minimum
surface roughness. Hu et al. [13] considered the application of variable helical end mills
to the study of titanium alloy milling, established the kinetic equations of variable helical
end mill milling, derived a prediction model of milling force for variable helical end mills,
and obtained the instantaneous milling force and its variation law by solving the above-
mentioned equations. Most of the above research on milling parameters just focused on the
optimization of the milling parameters without fitting specific equations to them, so there
are many inconveniences in practical applications. An empirical function prediction model
is an excellent vehicle to help apply research in practice.

This paper utilizes finite element simulation technology and orthogonal testing to
predict the milling force and machining deformation corresponding to different machining
and tool parameters. Through an extreme difference analysis, the optimal combination
of machining parameters that minimize the milling force and deformation of thin-walled
titanium alloy parts is determined from the multiple parameter combinations. Additionally,
empirical functions for the milling force and machining deformation based on the milling
and tool parameters are established through an optimization algorithm. The research
results are transformed into convenient application formulas, which can provide important
guidance for the selection of milling parameters.

2. Milling Analysis of TC4 Alloy Thin-Walled Parts
2.1. Analysis of Factors Influencing the Milling Deformation of Thin-Walled Parts

TC4 (DIN3.7164/5) alloy thin-walled parts often exhibit characteristics such as complex
structures, large sizes, low stiffness, etc. [14]. Consequently, machining deformations are
likely to occur during the machining process. Figure 1 summarizes the factors that influence
the processing deformation of thin-walled parts.

[Geometric error] Villing depth
Control accuracy Machine Cutting Milling width
tool parameters|| [Milling speed
Rigidity |-
[Positioning accuracy |~ Machining _ [ Geometric parameters|
- Clamping . Cutting -
[Contact deformation] H system [+ deformation = o)
Clamping force |~ of workpiece
[Cooling and lubricating] <
—— - [Structure and shape]
H Others Workpiece
[Frication |-

Figure 1. Influencing factors of the milling deformation of thin-walled parts.

In the actual milling process, factors such as the machine tool and clamping system
have little influence on the milling force and deformation of thin-walled parts in the milling
process. Considering the complex number of factors involved, this paper selects eight
parameters that have a great influence on the milling of thin-wall parts for combined
research. The selected parameters are the spindle speed n, the feed per tooth f, the milling
depth a,, the milling width 4, the diameter of the milling cutter d, the rake angle of the
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milling cutter v, the tilt angle of the milling cutter A, and the number of teeth z. The reasons
for choosing the parameters are given below.

1. The influence of the milling cutter

The tool material, wear conditions, and geometry parameters all have an impact on
part deformation during the machining process. The higher the stiffness of the tool material,
the better the milling performance. A good wear resistance can improve the machining
surface quality, reduce tool wear, and prolong tool life. The geometric parameters of the
tool mainly include the diameter, the number of cutting edges, the front and rear angles of
the milling cutter, the tilt angle, the radius of the cutting edge, etc. The influence of these
parameters can be summarized as follows: Increasing the front angle reduces the milling
force, while a large rear angle improves the durability of the tool. However, excessively
large front and rear angles can weaken the milling edge and reduce the tool’s life, while
also worsening the heat dissipation conditions. A larger tilt angle results in a longer contact
length between the workpiece and the milling edge, increasing the load per unit length
of the milling edge. The higher the number of milling cutter edges, the better the rigidity
of the cutter, but chip accumulation may occur, which can affect the processing quality.
The radius of the cutting edge directly affects the cutting pressure, which is one of the
most important factors affecting the amplitude of the milling force. Therefore, a reasonable
choice of the tool’s front angle, back angle, tilt angle, diameter, and number of teeth can
effectively reduce the milling force and milling temperature, reduce milling deformation,
reduce the impact during milling, improve the smoothness of machining, prolong the tool’s
life, and improve the surface finish quality [15].

2. The influence of processing conditions

In an actual machining process, milling forces and milling deformations are closely
related to different machining conditions. The basic milling parameters include the feed
speed vy, milling depth ap, milling width 4., and feed rate per tooth f. The feed speed vy
refers to the relative displacement of the workpiece and tool in the feed direction per unit
time. The relationship between feed speed vy (mm/min), spindle speed 7 (r/min), feed rate
per tooth f (mm/z), and the number of teeth z is as follows:

vp=nxfxz 1)

From Equation (1), it is clear that the feed speed is positively related to the spindle
speed when the feed per tooth and the number of milling cutter edges are kept constant.
Therefore, different combinations of machining parameters such as the spindle speed #,
feed rate per tooth f, milling depth 4,, and milling width a, will have different effects on
the milling force and deformation. The optimal combination of parameters can reduce the
load of the milling force, reduce the deformation of thin-walled parts, meet the accuracy
requirements, and improve the machining efficiency.

3. The influence of milling force

Due to the low stiffness of thin-walled parts, they are prone to elastic deformation
under the influence of milling forces. As a result, their actual milling width differs from the
theoretical milling width, causing some materials to not be removed compared to the ideal
situation. Moreover, after the tool has passed through, the balance of forces is disrupted,
resulting in the redistribution of residual stresses in the thin-walled part and causing elastic
partial rebound, ultimately leading to processing deformations [16].

In addjition to the influence of the milling force on machining deformations, there are
many factors that affect the deformation of thin-walled parts. For example, the machine
tool’s own error will cause large deformations, and an insufficient positioning accuracy of
the clamping system leads to large deformations. The absence of cooling and lubrication
conditions can lead to enhanced collisions, leading to large deformations. The processing
sequence and the temperature generated during processing can reduce deformations. In
summary, machining deformations are influenced by complex factors, among which the
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main machining parameters, such as spindle speed 1, feed per tooth f, milling depth ay,
and milling width a,, and the primary geometry parameters of the milling cutter, such as
the diameter, number of teeth, rake angle, and tilt angle, have the most significant impact.

2.2. Proposed Empirical Model for Milling

Due to the numerous and diverse factors that affect thin-walled TC4 alloy parts,
studying all the action laws and influence degrees would be an enormous task. Therefore,
Ge et al. designed and conducted physical orthogonal tests on TC4 alloy thin-walled
parts to determine more realistic milling force models and milling coefficient parameters.
Subsequently, they derived empirical equations for milling forces using an average rigid
force model [17]. The milling force given in Equation (2) is the sum of the milling forces
borne by the milling cutter during the milling process.

F = Cray’ f¥FvcF K, (2)

where Cr is the coefficient to be determined, which is related to the workpiece material
and milling tool type; a, is the milling depth; f is the feed; v, is the milling speed; KF is the
correction factor; and xr, yr, nr are the coefficients to be determined.

In the various subsequent experiments on thin-walled parts of TC4 alloy, it is observed
that the factor magnitudes of the milling factors differ under different machining conditions,
but they yield the same form of the empirical value of the milling force equation.

In this paper, we investigate the maximum node deformation resulting from different
milling conditions, while taking into account the interactions between milling parameters.
Referring to the prediction model used by Gao et al. [6] to fit dimensional deformations, an
empirical equation for the maximum nodal deformation is derived, as shown in Equation (3):

S=co+cin+cof +c3ap + caae + csd + coy + c7A + cgz + conf + ciofap + criapae @)
+c10aen + c13fae + c1anap + c15dy + c16dA + c17dz + c18YA + €197z + c20A2

2.3. Principle of Finite Element Model for Milling Thin-Walled Parts

With the development of finite element simulation technology, the simulation results of finite
element simulation have shown high agreement with the actual experimental results. Therefore,
its application in the field of metal milling processing has increased. By using the finite element
simulation results instead of the traditional test cutting experiments, not only can the milling process
be visually demonstrated, but simulation data such as milling processing deformation, milling force,
and stress—strain distribution can also be obtained, which is important for further theoretical research.
Defining the correct parameters for the key techniques of finite element simulation is essential to
ensure the accuracy of the simulated results. These key techniques include the constitutive model
for material, chip separation guidelines, failure guidelines, etc. [18]. In this paper, we use the
finite element simulation software ABAQUS v6.16 to simulate the milling process of TC4 alloy
thin-walled parts in three dimensions. We establish a finite element model of milling force and
milling deformations and input different combinations of milling parameters to provide a basis for
optimization parameter selection. The finite element simulation process of the TC4 alloy thin-walled
parts milling process is shown in Figure 2.
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Figure 2. Finite element simulation flow of the TC4 alloy thin-walled part milling process.

2.3.1. Constitutive Model for Material

The TC4 alloy material is characterized by a high specific strength, a low stiffness, a high strain,
and a high strain rate and is susceptible to deformation during the actual milling process due to high
temperatures, high milling forces, etc. Therefore, in this paper, the Johnson—Cook constitutive model
is adopted to define material properties. The expression for this model is given by [19]:

=1 ") ()

— n €
o=[A+ B¢l +C1n(é0)”1 (Tm _—
where A, B, ¢, n, and m are material constants; Ty, is the material melting point; T, is room temperature;
and ¢ is the strain.

According to ref. [20], the Johnson—Cook parameters of the TC4 alloy material are shown in
Table 1. To integrate this Johnson-Cook constitutive model into the finite element stimulation model
built in the finite element simulation software ABAQUS v6.16, we filled the parameters of Table 1 in
the corresponding positions when editing the material.

Table 1. Johnson-Cook constitutive parameters of TC4 alloy materials.

Material A (MPa) B (MPa) n c m
TC4 861 331 0.34 0.03 0.8

2.3.2. Failure Guidelines

Milling is a continuous material removal process, which is represented in the finite element
simulation as unit deletion. The Johnson-Cook damage model can accurately reflect the failure
mechanism of TC4 alloy material. Thus, this paper adopts the Johnson—-Cook damage model to
describe the failure criterion of TC4 alloy and its damage parameter expression [21]:

n Aghl
W — AL (5)

= pl
=1 €p
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where AeP! is the equivalent plastic strain increment and s’g is the failure strain. When w > 1,
the material reaches the failure limit and fails to fracture and the mesh fails and is removed. The

. . . I.
expression of the failure strain ng is:

el = 1+ dyexp(ds )] 1+ dyln( )][1+ ds(—)) ©)

| el

™|
o

where éo is the reference strain rate; £is the plastic strain rate; 0}, is the compressive stress; omin, is the
von Mises stress; and dy, dy, d3, d4, and ds are the dimensionless parameters for the failure of TC4
alloy material as shown in Table 2. Additionally, we chose the Johnson—-Cook damage for ductile
metals in the the finite element simulation software ABAQUS v6.16 directly when editing the material
of the finite element simulation model, and then we filled the Johnson—Cook failure parameters of
Table 2 in the corresponding positions, which integrates the Johnson-Cook damage model into the
finite element simulation software ABAQUS v6.16.

Table 2. Johnson-Cook failure parameters for TC4 alloy materials [22].

Materials dl d2 d3 d4 d5
TC4 —0.09 0.27 —0.48 0.014 3.87

2.3.3. Chip Separation Guidelines

During the milling process, material undergoes deformation and separation and the chip
separation criterion is needed to simulate chip formation and separation [23]. In this study, a
combination of energy and displacement is chosen as the chip separation criterion. The displacement
method is based on whether the relative positions of the tool tip and the unit node in front of the
tool tip have changed to reflect whether the chips are separated. The unit fails when D > 1, and the
criterion is given by:

Py "

D:%:%. )
p p
s Lef

Using energy as the chip separation criterion, the failure of a unit occurs when D > 1, which can
be expressed as:

u

[ Tdur’
D=¢ Gy ’ (8)
Gf — 17]5112 K2

3. Finite Element Simulation Tests
3.1. Orthogonal Experimental Design for the Milling of Thin-Walled Parts

Through representative experiments, the orthogonal experimental method can evaluate the
impact of each orthogonal factor on the results, determine the order of influence, and obtain the factor
combination for the relatively best results [24]. There are many influence parameters in the process of
optimizing the milling deformation. When using conventional experimental methods, there will be an
enormous amount of experimental work. Therefore, this paper employs the orthogonal experimental
method to study the impact of each influence parameter of milling deformation with less experiment
work.

To reduce the milling deformation and milling force, a finite element simulation model of the
milling process of TC4 alloy thin-walled parts is established in the finite element simulation software
ABAQUS v6.16, and the orthogonal experimental scheme is designed in this paper. By a range
analysis of the orthogonal experimental results, the influence law of each parameter on the milling
force and milling deformation have been summarized, and the best parameter combination for the
minimum milling deformation and milling force has been obtained in this paper.

To achieve high-quality experimental results, it is essential to make a reasonable approximation
of the experimental parameters. Considering the real-world situation, the factors and levels for the
orthogonal experiments are determined and are presented in Table 3. Accordingly, the orthogonal
table is designed as shown in Table 4 (Lg4 3 X 4 X 6 X 8°). These factors are shown in Figure 3.
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Table 3. Table of orthogonal factors and levels of milling parameters.

Orthogonal Factors

Orthogonal Levels

4

5

Spindle speed 1 (r/min)
Feed rate per tooth f (mm/z)

Milling depth a,, (mm)
Milling width a, (mm)

Diameter of milling cutter d (mm)
Rake angle of milling cutter  (°)
Tilt angle of milling cutter A (°)

Number of teeth z

2000
0.04

W
s & Ol

2400

2800

3200

0.10

3600
0.12
5
22
12

60

4000
0.14

14

65

4400
0.16

16

4800
0.18

20

Table 4. Orthogonal table Lgg 3 X 4 X 6 X 8.

Experiment
Serial
Number

Orthogonal Factors

Spindle
Speed n
(r/min)

Feed Rate Per

Tooth f
(mm/z)

Milling Depth

a, (mm)

Milling Width
a, (mm)

Diameter of
Milling Cutter
d (mm)

Rake Angle of

Milling Cutter
7€)

Tilt Angle of
Milling Cutter
A()

Number of
Teeth z

OO U= W=

1

OO ONUIUTUTUTUTUTUTUT W s s s B B B R WWWWWWWWRNRNRNRNRNRNRNN SRS e e

G WNFRFONOUIERE WNFRP,ONQUIRWNRFRP,ONOUEREWNR,ONAAUTIERE WP, ONONT R WN -

PUIN—P WWRLNUTOAERNNUWRL,ERNOOAONER R, QUNRF WUOUAONOONEBRERERNOONUIW

NWNUITONWROUIRERENGOOWNUORPANRERENONWOUINOGO R ERWUIN WU WN N =

1

NOPFE WNOINFRP, U WNOARARTURNOAOERONWNOUO R NWERAROEREONWIARNAANWER®NDO O

SR WOROBERNRPNR,OARNREORWORNR,RNRORWORSRNNFWRWENSNF R WRN =

BOR,ONEROOWUNUUOFRUONERRRNRWIUIOFR,ONUUQAERE QUOERAFRNNNNOOERTTWRLNRP =

WHRENWNRFRFNNNNRRPFNOOWONWRNR,ORNONNRENR,ORNREFNNNNR,OQONR,QOQNN- QRN
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Table 4. Cont.

Orthogonal Factors
Experiment
%erial Spindle Feed Rate Per Milline Depth  Milling Width Diameter of Rake Angle of Tilt Angle of Number of
Number Speed n Tooth f a (%nm)p u (‘:5“ m) Milling Cutter ~ Milling Cutter =~ Milling Cutter Teeth =
(r/min) (mm/z) 4 ¢ d (mm) 7 ) AC)

46 6 6 6 6 6 2 6 1
47 6 7 4 1 5 4 3 2
48 6 8 2 4 1 3 5 1
49 7 1 8 2 5 3 6 1
50 7 2 6 3 1 4 4 3
51 7 3 4 8 2 2 5 1
52 7 4 2 5 6 1 3 2
53 7 5 3 1 4 2 3 2
54 7 6 1 4 8 1 2 3
55 7 7 7 7 7 3 1 1
56 7 8 5 6 3 4 1 2
57 8 1 5 4 2 3 3 3
58 8 2 7 1 6 4 5 3
59 8 3 1 6 5 2 4 1
60 8 4 3 7 1 1 6 2
61 8 5 2 3 7 2 1 2
62 8 6 4 2 3 1 2 1
63 8 7 6 5 4 3 2 1
64 8 8 8 8 8 4 4 2

|

| )4

I

ay
|
AT_ —TA
A
ap
‘ A-A
Qe
d

Figure 3. Schematic diagram of the orthogonal factors.

3.2. Establishment of the Finite Element Simulation Model

In the finite element simulation model established in this paper, the tool is a solid carbide end
mill, and the milling geometric parameters are shown in Table 5.

Table 5. Mill geometry parameters.

Total Blade Relief Rake Tilt Anel Diameter Number
Length Length Angle Angle gle amete of Teeth
60 mm 20 mm 12° 5~20° 30~65° 4~20 mm 2/3/4

According to ref. [14], thin-walled parts usually refer to parts with a ratio of the wall thickness
to the axial or radial dimension greater than 1/10. The purpose of this paper is to explore the value of
the milling force and the maximum node deformation caused by the thin-walled parts in one single
milling process, without paying attention to the final thickness of the milled thin-walled parts. When
conducting simulation experiments, different parameter values are selected based on the orthogonal
experimental design scheme. A geometry model of the solid carbide end mills is shown in Figure 4.
The overall geometry dimensions of the thin-walled part are a length of 170 mm, a width of 100 mm,
and a height of 50 mm, while the thin-walled part itself has a length of 170 mm, a width of 4 mm, and
a height of 15 mm.
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Figure 4. Geometry model of a solid carbide end mill (four teeth).

When establishing the finite element model, the milling cutter is set up with a rigid body and the
influence of temperature on the thin-walled part in the milling process is not considered. The element
shape is quad-dominated and the algorithm used when meshing the milling cutter is advancing
front. The element shape is Hex and the technique used is structured when meshing the thin-walled
part. In addition, the global size is set as 0.0016 mm when controlling the mesh size of the milling
cutter, and the element size is set as 0.002 mm when controlling the mesh size of the thin-walled
part. To reduce the computational complexity of the model, the other section’s element size is bigger
than the thin-walled section. All element types are set as linear explicit elements and all meshes
were appropriately chosen by verifying the mesh in the finite element simulation software ABAQUS
v6.16. The final geometry assembly and meshed models of the milling cutter and thin-walled part are
shown in Figure 5.

Figure 5. Geometry assembly and meshed models of the milling cutter and thin-walled part in the
finite element simulation software ABAQUS v6.16.

3.3. The Results of the Finite Element Simulation

After conducting finite element simulations with different milling processing parameters and
geometric parameters of the solid carbide end mills, the results of total milling force and the maximum
node deformation for each set of experiments (a total of 64 sets) are obtained. We monitor the milling
force at the reference point of the milling cutter and extracted the milling force data. By extracting the
deformation of the nodes along the length of the thin wall after the milling process, the deformations
of each node in the whole direction of the thin wall are obtained and the maximum node deformation
is selected as the object of this research. The element with the maximum node deformation selected in
this paper is located in the outermost area of the thin-walled part, which can most intuitively reflect
the deformation of the thin-walled part in the milling process.

To describe the process better, parts of the milling process are shown in Figure 6. It can be
seen that when the cutter just makes an incision into the thin-walled part, the stress generated is
concentrated around the cutter, resulting in a large range of high stress concentrations. At this time,
the milling force and node deformation are large, which is not conducive to processing. However,
when the milling cutter gradually enters the thin-walled parts, the stress concentration only appears
at the front end of the contact between the milling cutter and the workpiece, and there is no high
stress concentration phenomenon. At this time, the milling force and node deformation are relatively
flat. Since the spindle speed of the milling cutter is too high, the cutting unit will be eliminated
directly in the milling process and we will not observe the phenomenon of cutting debris splash.
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Figure 6. Machining process figures at a spindle speed of 3200 r/min and a feed rate per tooth of
0.04 mm/z.
A range analysis [25] is then performed to analyze the orthogonal experiments’ results, which are
presented in Tables 6 and 7 for the total milling force and maximum node deformation, respectively.
For each orthogonal factor, k; represents the average values of the total milling force (in Table 6) or
maximum nodal deformation (in Table 7), and the subscript k represents the orthogonal level of each
orthogonal factor, while R denotes the range value of k.
Table 6. The orthogonal experiments’ results of total milling force.
. s 11s Diameter Rake .
Orthogonal Spindle Feed Rate Milling Mﬂlmg of Milling Angle of Tilt énfgle Number of
Speed n per Tooth f  Depth a, Width a, s of Milling
Factors . Cutter d Milling 5 Teeth z
(r/min) (mm/z) (mm) (mm) o Cutter A (°)
(mm) Cutter -y (°)
kq 230.856 268.704 257.297 236.255 287.797 321.219 372.065 332.252
ko 302.557 270.698 301.482 271.599 228.708 311.754 325.272 341.314
ks 302.997 296.751 250.593 314.861 275.924 345.877 249.115 274.982
ky 290.700 301.589 280.414 327.837 305.396 306.481 347.522
ks 350.721 304.172 302.316 323.865 292.368 313.923
ke 309.389 345.217 279.587 339.793 324.056 319.238
k7 385.118 375.316 448.158 352.332 393.986
kg 398.326 408.215 450.817 404.121 462.427
R 167.471 139.511 200.224 167.867 233.719 39.396 122.950 66.332
Table 7. The orthogonal experiments’ results of maximum node deformation.
. . 11s Diameter Rake .
Orthogonal Spindle Feed Rate Milling Mﬂhng of Milling Angle of Tilt éng]e Number of
Speed n per Tooth f  Depth a, Width a, s of Milling
Factors . Cutter d Milling S Teeth z
(r/min) (mm/z) (mm) (mm) o, Cutter A (°)
(mm) Cutter y (°)
kq 0.100 0.633 0.0323 0.021 0.484 0.421 0.348 0.150
ko 0.382 0.195 0.043 0.026 0.599 0.555 0.194 0.458
ks 0.542 0.104 0.068 0.092 0.599 0.176 0.276 0.409
ky 0.499 0.192 0.205 0.385 0.168 0.134 0.557
ks 0.366 0.871 0.175 0.111 0.232 0.391
ke 0.648 0.369 0.575 0.166 0.415 0.219
k7 0.054 0.294 0.534 1.144 0.043
kg 0.040 0.054 0.869 0.605 0.044
R 0.609 0.817 0.837 1.122 0.556 0.421 0.363 0.308

After a preliminary analysis of Tables 6 and 7, the following conclusions can be drawn:

1. The degree of influence of the eight parameters on the total milling force is as follows: diameter
of milling cutter > milling depth > milling width > spindle speed > feed rate per tooth > tilt
angle of milling cutter > number of teeth > rake angle of milling cutter;

2. The degree of influence of the eight parameters on the maximum nodal deformation is as follows:
milling width > milling depth > feed rate per tooth > spindle
speed > diameter of milling cutter > tilt angle of milling cutter > rake angle of milling cutter >
number of teeth.
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3.4. The Influence of Processing Parameters on the Milling Force and Maximum Node Deformation

Milling processing parameters are significant influencing factors on the milling force. Improper
selection of the milling processing parameters can result in higher milling forces, leading to increased
milling deformations, a reduced surface accuracy, and adverse effects on the milling cutter and overall
milling process. Through 64 sets of finite element simulation experiments, the machining parameters’
effects on total milling force and maximum node deformation are obtained and are described in
Figure 7. After comparing out results with ref. [20], we find that the ranges for each processing
parameter are not very different and the trend of the influence on the milling force is basically the
same. The influence trends of four processing parameters on the total milling force are similar, namely
the lower the value of each parameter, the smaller the total milling force. The minimum or maximum
node deformation often occurs when the spindle speed is out of the range of 2800~4000 r/min with a
lower milling depth and milling width. After the range analysis, the optimal combination of milling
process parameters achieving the smallest total milling force is spindle speed: 2000 r/min, feed
rate per tooth: 0.04 mm/z, milling depth: 1.6 mm, and milling width: 1 mm. Similarly, the best
combination of milling process parameters leading to the smallest maximum node deformation is
spindle speed: 4800 r/min, feed rate per tooth: 0.18 mm/z, milling depth: 1 mm, and milling width:
1 mm.
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Figure 7. Variation in the total milling force and maximum node deformation for different milling
processing parameters.

It can be seen from Figure 7 that with the increase of spindle speed and feed rate per tooth, the
maximum node deformation tends to decrease. However, with the increase of milling depth and
milling width, it can be observed that the maximum node deformation tends to increase. It may be
that the milling depth and milling width of the milling cutter into the workpiece are too large in the
one-step process, resulting in an increase in the milling force, which causes the deformation of the
node to be more prominent. Considering the large deformation caused by this situation, avoiding
excessive milling cutter entry in the one-step milling process should be considered in actual milling.

3.5. The Influence of Tool Geometry Parameters on the Milling Force and Maximum
Node Deformation

The geometric parameters of a tool have a direct effect on the milling force and milling defor-
mation, which in turn affect the milling accuracy of thin-walled parts. Studying the influence of the
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tool geometric parameters on the milling force and maximum node deformation of thin-walled parts
is important for selecting or designing milling cutters. Through 64 sets of orthogonal experiments,
simulation data on the milling force and maximum node deformation are obtained and are described
in Figure 8. The influence trends of the diameter and the teeth number of the milling cutter on the
total milling force and maximum node deformation are similar; the smaller the diameter and teeth
number, the smaller the total milling force and the larger the maximum node deformation. After a
range of analysis, the optimal combination of tool geometry parameters leading to the smallest total
milling force is a diameter of 6 mm, a rake angle of 20°, a tilt angle of 45°, and two teeth. The optimal
combination of tool geometry parameters which have the smallest maximum node deformation of
thin-walled parts is a diameter of 16 mm, a rake angle of 20°, a tilt angle of 40°, and four teeth.
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Figure 8. Variation in the milling force and maximum node deformation for different mill geome-

try parameters.

As shown in Figure 8, with increases in the diameter of the milling cutter and the number of
teeth, the milling force on the whole increases, while with increases in the rake angle and the tilt angle
of the milling cutter, the milling force decreases. As for the maximum node deformation, with an
increase in the parameters of each part of the milling cutter, an overall decreasing trend is observed,
especially in the milling cutter diameter. In the actual application process, the cutting tool parameters
can be adjusted to reduce the milling force and the maximum node deformation.

The finite element simulations for 64 sets of orthogonal experiments provide a rough under-
standing of the influence of each milling parameter on thin-walled parts during milling. However, in
order to accurately determine the changes in the milling force and maximum node deformation under
different milling parameters and cutter parameters, more experiments are needed as a reference and
comparison.

4. Milling Empirical Modeling
4.1. Milling Empirical Formula Fitting

Considering that the rules summarized in this paper have some difficulties in practical applica-
tion, we decide to perform regression fitting on the obtained data through statistical analysis methods
and establish the relevant empirical formulas for a more accurate and convenient application.
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In this paper, under the assumptions of the obtained empirical formula for milling force (2), the
ideal environment, and the rigid tool, the empirical formula model of milling force is obtained after
comprehensive consideration, as shown in Equation (9):

F— Cfrnhlfb2al;)3a?4db5,yh6/\b7zb8, (9)

where Cy, represents the milling processing condition factor for the material being milled, 7 is the
spindle speed, f is the feed rate per tooth, 4, is the milling depth, a, is the milling width, d is the
diameter of milling cutter, g is the rake angle of milling cutter, [ is the tilt angle of milling cutter, and k
is the number of teeth.
Taking the natural logarithm of both sides of Equation (9) simultaneously results in Equation
(10):
In(F) = In(Cg) + by In(n) + bz In(f) + b3 In(ap) + by In(a,)+

10
bsIn(d) 4 beIn(y) + by In(A) + bgIn(z) (10)
Replacing some of the expressions in Equation (10) with the following parameters:
In(Cs,) = by In(n) =x1 In(f) =x2 In(ay) =x3 In(ar) = x4 (1)
In(d) = x5 In(y) =x6 In(A) =x7 In(z) = xg ’
then the linear regression equation can be obtained, as shown in Equation (11):
Y = bo + byx1 + bpxp + b3xz + byxg + bsxs + beXe + byx7 + bsxg, (12)

The function fitting calculation is carried out in the data-processing software MATLAB R2019a
v9.6.0, and the optimal values of the function parameters are obtained by fitting with the L m
optimization algorithm. The obtained model correlation coefficient R is 0.81, indicating a strong linear
correlation and the feasibility of the obtained regression model. The empirical formula resulting from
the fitting is shown in Equation (13):

F= 0.38710'62](0'30&2'91 a8'36d0'32")/0'02/\70'0820'14. (13)

According to the form of the maximum node deformation empirical formula described in
Equation (3), the empirical model of the maximum node deformation is also obtained by fitting the
function in the data-processing software MATLAB R2019a v9.6.0. The chi-square coefficient of the
model is 0.93, which indicates that the model can describe the complex relationship between the
maximum nodal deformation and the milling parameters better. The empirical formula resulting
from the fitting is shown in Equation (14):

S =0.03 —1.69 x 101 — 0.97f + 0.02a + 0.16a, — 4.29 x 107*d — 2 x 1073y~
7.05 x 107474 — 0.03z 4+ 2.84 x 10~*nf — 0.03fa, — 5.77 x 10 3a,a, — 2.03 x 10"%acn
—0.08fa, —3.01 x 10 5nay +4.15 x 10~*dy —5.93 x 107 °dA — 117 x 10 3dz— '
59 x 10759A — 5.9 x 10799z 4 8.06 x 10~ %Az

(14)

4.2. Milling Empirical Formula Validation

It has been proven in ref. [11] that the relative errors between experimental results and finite element
stimulated results are in an allowed range. Thus, to validate the reliability of empirical Equations (13) and
(14), five sets of finite element stimulation results in the orthogonal experiment are randomly selected
to compare the theoretical values calculated by empirical Equations (13) and (14) to the finite element
simulated results, as shown in Tables 8 and 9.

Table 8. Comparison between the theoretical values of milling force calculated by empirical Equa-
tion (13) and the finite element simulated results.

Diameter Rake Tilt
Spindle Feed Rate Milling Milling of Angle of Angle of . .
Number Speed n per Tooth  Depth a, Width a, Milling Milling Milling l;h;mlt)l?r %Tulif\?s S,aiculat?)d ]\Dllffer?;ie
(r/min) f (mm/z) (mm) (mm) Cutter d Cutter Cutter A ot feeth z alue alue alue
(mm) ©) ©)
1 3200 0.18 7 1.6 12 5 40 3 422.01 470.19 —48.18
2 4000 0.08 7 13 10 5 30 3 367.23 381.04 —13.81
3 4400 0.04 8 13 12 15 65 4 357.81 391.62 —33.81
4 4400 0.08 4 3 6 10 60 4 260.91 278.49 —17.58
5 4800 0.10 3 2.8 4 5 65 3 239.06 195.67 43.39
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Table 9. Comparison between the theoretical values of maximum node deformation calculated by
empirical Equation (14) and the finite element simulated results.

Diameter Rake Tilt
Spindle Feed Rate Milling Milling of Angle of Angle of Number Simulated Calculated Difference
Number Speed n per Tooth Depth a, Width a, Milling Milling Milling of Teeth z Value Value Value
(r/min) f (mm/z) (mm) (mm) Cutter d Cutter Cutter A (mm) (mm) (mm)
(mm) ©) )
1 3200 0.18 7 1.6 12 5 40 3 0.069 0.060 0.009
2 4000 0.08 7 13 10 5 30 3 0.055 0.042 0.013
3 4400 0.04 8 13 12 15 65 4 0.061 0.047 0.014
4 4400 0.08 4 3 6 10 60 4 0.199 0.215 —0.016
5 4800 0.10 3 2.8 4 5 65 3 0.108 0.132 —0.024

It can be seen from Tables 8 and 9 that the results calculated from the empirical formula are
almost consistent with those obtained from the finite element simulations. Moreover, although the
empirical formulas obtained in this paper are only for TC4 titanium alloy materials, it can still be
applied to other materials after making the corresponding modifications. However, the simulation
data used in the formula did not consider the effects of the temperature and tool material, which will
require further adjustments to the simulation model.

5. Conclusions

This paper presents a finite element simulation model for three-dimensional milling of titanium
alloy thin-walled parts. The model addresses the issues of easy deformation of thin-walled parts,
the high milling force, and the poor processing stability during the milling process of titanium alloy
thin-walled parts. We conducted a comprehensive analysis of the relevant milling parameters and
milling cutter parameters during the milling process. An empirical function for the milling force
and maximum node deformation is obtained through a fitting technique, which can assist in the
actual prediction of the milling force and maximum node deformation to some extent. By referring
to the other relevant literature, the feasibility of ABAQUS simulation experiments is verified. The
conclusions of this study are as follows:

1. The finite element simulation software ABAQUS v6.16 is used to realize the finite element
simulation of milling of thin-walled titanium alloy parts with milling cutters, and the orthogonal
experimental design method is used to obtain the milling force and maximum node deformation
under various combinations of machining parameters. Given that the data obtained from the
finite element simulation software ABAQUS v6.16 are valid, these obtained simulated results
can serve as the fundamental data for further optimization of milling parameters;

2. In this paper, the optimal parameters obtained from the orthogonal experiment are used in
the finite element simulation software ABAQUS v6.16 for finite element simulations. The
results indicate that there is a small error between the minimum value of the milling force
and the maximum node deformation obtained by the orthogonal experiment and the finite
element stimulated results with the optimal parameter combination, proving the reliability
of the orthogonal experiment. Based on the finite element simulation results, the empirical
functions of milling force and maximum node deformation are obtained by fitting the data in
the data-processing software MATLAB R2019a v9.6.0. Some different combinations of process
parameters are randomly selected to conduct a validation; the calculated empirical milling
forces and maximum node deformations are consistent with the finite element simulated results,
showing the feasibility of the established empirical model.

This research takes the combined influence of various processing parameters during the milling
process into account, including the machining parameters and the milling cutter parameters. Based
on finite element simulations, empirical functions are obtained using a fitting technique, which can
assist users to judge the superiority or inferiority of machining.

However, there are still shortcomings in this paper, such as not considering the temperature
and the material stiffness of the tool itself in the simulation study. In order to obtain more accurate
simulation results, the finite element simulation model needs to be further improved in subsequent
experimental research and more accurate empirical functions need to be established.
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