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Abstract

In this paper, due to the improper selection of process parameters in curved surface
milling, the tool wear is accelerated, and the surface quality and dimensional accuracy
of parts are difficult to control. Using BBD orthogonal test and extreme difference
analysis method, based on the basic theory of thermo-mechanical coupling elastic-
plastic mechanics, the application of Deform-3D finite element simulation software to
complete the simulation of blade milling machining simulation can be obtained tool
wear and the rule of change of milling temperature. Analysis of variance was used to test
the degree of fit between the mathematical model and test value (P<0.0001). Taking tool
wear and material removal rate as optimization objectives and spindle speed, feed per
tooth, and milling depth as constraints, a multivariate quadratic regression model of
process parameters was established. The optimum combination of process parameters
was obtained by the multi-objective optimization method. The results show that, without
considering other conditions, effective machining parameters combination can be
obtained through the multi-objective optimization method, achieving control tool wear
and improving material removal rate.
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1. Introduction

Aero-engine blade surfaces change all the time during the machining process, The Contour change
rate required <0.008mm[1], If the process parameters are not selected properly, it will accelerate tool
wear and seriously affect the quality of blade machining. To ensure the quality of blade processing in
actual production, conservative empirical process parameters are often used, resulting in low
efficiency and high cost of titanium alloy parts processing. Therefore, it is crucial to study the control
methods of tool wear and material removal rate to improve the blade machining accuracy.

To control the process parameters to reduce tool wear rate and improve machining efficiency at home
and abroad scholars have carried out a lot of research. Zheng Minli [2] and others established a milling
force prediction model based on machining characteristics for the milling process of internal and
external corners of mold cavities. Wang Xiaochun [3] and others study the effect of tool path
curvature on milling force during side milling of small diameter milling cutters. Yang Torch [4]
studied in depth the cutting temperature and tool wear for machining complex surfaces of titanium
alloys. Liang, Xiaoliang [5] A study on the law of influence of tool wear state on the surface integrity
of machined titanium alloy Ti-6Al-4V. Liu [6] et al. investigated the analysis of the effect of variable
curvature surface geometric features on machining errors. Senthil Kumara [7] et al. derived an
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empirical formula for tool wear by fitting a multivariate linear regression through a three-stage
representation of the worn form of the approximate curve. Effect of front and back angles on tool life.
Jawahir | s et al [8] considered the effect of cutting conditions and workpiece hardness on tool wear
in their tool life prediction model.

The above study provides methods for tool wear control and parameter optimization, Most
researchers are still targeting special bevels and fixed process parameters. There are fewer studies on
ball-end milling cutters for milling free-form profile finishing under variable operating conditions.

In this paper, the radius of curvature of the blade profile is utilized for the study, and DEFORM-3D
performs finite element simulation on the blade profile to obtain the relationship between the process
parameters in a certain range of tool temperature and the amount of tool wear, Mathematical modeling
of tool wear, material removal rate and process parameters, With the objectives of relatively low tool
wear and relatively high material removal rate, a multi-objective optimization algorithm is used to
obtain the Pareto optimal solution set to obtain the preferred process parameter set.

2. Multi-axis High-speed Milling Cutter-work Contact Area Modeling

(1) Tool-workpiece contact arc segment extraction

The process of milling blades with ball end milling cutters is very complicated due to the complexity
and distortion of the blade profile. Need to use a 5-axis mill-turn machine or a 5-axis blade machining
machine for molding and precision control. Automatic planning of the tool path during blade surface
milling is more difficult, and the position of the milling point on the tool is constantly changing, as
shown in 1.

Figure 1. Precision milling of blades

Generation of tool paths for machining blades using UG-CAM module, With the ball milling cutter
ball center point as the reference, the ball milling cutter side tilt angle and front tilt angle are 90 <0 <
Helical milling strategy is often used for finishing curved blade surfaces, Extract the cross-section
portion of the ball end milling cutter in contact with 1/2 of the blade, Analyzing the key contact
position between the tool and the blade, the representative tool-workpiece contact arcs are mainly
distributed in the AB, CD, EF and GH segments, as shown in Figure 2.

Figure 2. Cross section at blade-tool contact
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Now based on the contact arcs of the cross-section, Let the radius of curvature of the blade profile be

P . AB, EF, GH is "convex" and CD is "concave". Due to the extreme thinness of the AB section,
"pitting" very easily occurs under milling forces, In the actual processing needs to be used to control
the method of auxiliary offset thickening, so here will be the equivalent of the AB section radius of
curvature of 3mm, the radius of curvature of each section is shown in Equation 1 - Equation 4.

Pug = 3MM 1)
Ler =8MM @
Py = 25mm 3)

Pep X 00MM 4)

(2) Geometric modeling and meshing

Leaf blades need to involve airways, leaf crowns, leaf bodies, and leaf roots, Among them, the main
working part is the leaf body, to meet the relevant requirements, profiling milling method for
machining, the machining method tool change position is complex, so you need to choose a
reasonable tool geometry parameters, see table 1.

Table 1. Tool Geometry

(:1/?:]1:2) number of blades helix angle(ﬁ/°C) helix angle(L/mm)
10 4 30 8

Pepy = 25Mm Pep 55MM

Figure 3. Meshing of profiles with different radii of curvature
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Tool-workpiece modeling in UG, Export as .stl format file, Based on the Load Geometric Objects
command in Deform, the tool-workpiece assembly is loaded, the tool is selected as a rigid body, and
the workpiece is set to plasticity. To prevent calculation anomalies caused by distortions of cells
during the milling of blades, Using adaptive meshing in Deform, For some regions with large changes
in the gradient of the constant variable, To obtain more accurate data, the tool-workpiece critical
contact portion is refined with a refinement ratio of 0.01, as shown in Figure 3.

(3) material eigenmodel

The TC4 titanium alloy, which has good mechanical and physical properties, is used for the
simulation workpiece. Fine-grain carbide is used as the cutting tool material (e.g. YG6X), chip
removal that is smooth, strong against wear, and resilient in finishing conditions, The main
performance parameters of the tool and workpiece are shown in Table 2.

Table 2. Main performance parameters of ball end milling cutters and workpieces

TC4 workpiece

Material Properties wC temperatures /20°C - 650°C
modulus of elasticity /GPa 650 110
densities /(g /cm®) 16 4.5
heat conductivity /(w/m-k) 59 5.44
Poisson's ratio 0.25 0.3
specific heat /(J/g-°C) 0.96 0.56
durometerHRC 70 36

Due to the low modulus of elasticity of titanium alloy materials, poor machinability, and poor thermal
conductivity, During the cutting process, the temperature of the workpiece material can reach 200-
1000<C or even higher, therefore, it is extremely important to choose a reasonable material
constitutive model. Through the research of many scholars [9-10], it is shown that the Johnson-Cook
principal model is suitable for describing the high temperature, large strain, large strain rate is widely
used, and can be a good secant of the material excision process, the JC principal model expression
form is shown in Eq. 5:

o=(A+ BES){HCI”;J[L(TT _TOTO ]m} ©)

melt

Where: Ais the initial yield stress; B is the material strain strengthening parameter; m is the hardening
index; n is the material thermal softening index; & is the equivalent plastic strain; &£ is the

equivalent plastic strain rate; éo is the material reference strain rate; T is the cutting temperature;

T, is the melting temperature; and T is the reference temperature. The values of the parameters
were determined as shown in Table 3.

Table 3. Johnson-Cook model parameters
A(MPa) B(MPa) n C m
861 331 0.34 0.03 0.8
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(4)friction model

When cutting metal, there is friction and plastic deformation between the front face of the tool and
the chip, the back face, and the workpiece to generate cutting heat. Tool and chip simulation results
can be affected by friction effects, At the same time, friction generates heat leading to high ambient
temperatures and chemical reactions, resulting in tool wear. Therefore, the friction model is essential
for the analysis of the cutting process, and the friction model for titanium alloys, as shown in Equation
6.

(6)

uo,, o, <7, (sliding-friction zone)
T. =
" |7, uoc, >z,  (bonding friction zone)

Where: 7 is the shear stress; 7 is the ultimate shear stress; o, is the positive pressure; # is the
coefficient of sliding friction, set to 0.6 [11].
(5)Wear model

The amount of wear depends on the tool's face temperature, the positive pressure at the tool/chip and
tool/work interface, and the relative sliding speed. Therefore, the Usui model is used in this paper.
As shown in equation 7.

W = J‘Cvsaf exp(—-A/T )dt (7

where Vi is the sliding speed of the tool relative to the workpiece; O ¢ is a positive pressure, and T

is the absolute temperature of the tool surface; C and A are characteristic constants, depending on
the tool and workpiece material. In this paper, C = 0.0000001, = 855 based on empirical values [12].

3. Design of Experimental Programs and Numerical Calculations
(1) Tool Wear-Temperature Data Calculation
The test parameters are spindle speed n=1900r/min, feed per tooth fZ =0.3mm/z, and milling depth

a, =0.45mm. Analyzing tool temperature and tool wear data with Deform, Through the post-

processing interface output 500 steps of different curvature radius profile data milling model of tool
wear and temperature change rule, as shown in Figure 4-5.
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Figure 4. Variation of tool wear with different radii of curvature
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Figure 5. Temperature variation of tools with different radii of curvature

From Figure 4 - Figure 5, When milling profiles with different radii of curvature in 500 steps, the tool
temperature and tool wear are always greater for concave surfaces than for convex surfaces. Reason:
The angle of incision for concave surface milling is smaller than that for straight line milling and
decreases as the radius of curvature of the tool center trajectory curve increases. As a result, the cut
angle interval (the difference between the cut-out angle and the cut-in angle, which indicates the size
of the tool-chip contact range) of concave surface milling increases with the curvature, while concave
surface milling causes the maximum undeformed chip thickness to increase, and increases with the
curvature radius. The conclusions are opposite when milling convex surfaces and this paper focuses
on the amount of tool wear on concave surfaces.

(2) Experimental program design and results

Table 4. BBD orthogonal test simulation and results

Q
batch number fZ n ap W 3 )
(mm/z) (r/min) (mm) (mm) «Cm-emin -,
1 03 800 01 0.00235 0.0192
2 0.1 3000 0.45 00218 0.108
3 05 1900 01 0.0072 0.076
4 03 3000 08 0.0339 0576
5 05 800 045 0.0191 0.144
6 05 1900 08 0.178 0.608
7 03 1900 045 0518 0.2052
8 0.1 1900 01 0.003 0.0152
9 03 1900 045 0518 0.2052
10 03 1900 045 0518 0.2052
11 0.1 1900 08 0.362 0.1216
12 0.1 800 045 00124 0.0288
13 03 3000 01 0.125 0.0953
14 03 800 08 0.105 01536
15 03 1900 045 0518 0.2052
16 05 3000 045 0.226 054
17 03 1900 045 0518 0.2052
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Using Design-Expert data analysis software, BBD in RSM was selected to obtain a representative
orthogonal test combination scheme as shown in Table 4.

Table 4 Minimum wear of 0.00235mm was obtained in all program groups, and the maximum reached
0.518mm beyond the range of the tool wear, Accelerated reduction of tool life, very easily leads to
substandard blade machining quality, The material removal rate is very low, resulting in low
machining efficiency and high machining cost, so the process parameters need to be optimized to
improve tool life and blade quality is the current need to solve the problem.

4. Optimization of Process Parameters

(1) Modeling multivariate nonlinear regression

Depending on the purpose of the research question, In this paper, we use a ternary quadratic regression
equation and set the dependent variables to be the amount of tool wear and the amount of material
removed, The independent variables that are statistically related to this dependent variable are
selected as process parameters and the general form of the equation is:

Y=ﬂ+ZLﬁiXi+ZLﬂuXin+Zﬁn><f+§ (8)

where Y is the target estimate; ,B is the coefficient estimate; /3 is the linear coefficient; ,Bij is the

quadratic term coefficient; /3, is the interaction term coefficient; « is the test error; and X; is the
cutting parameter code.
(2) Establishing empirical equations

By processing the experimental data, the model was analyzed by ANOVA and fitted to obtain an
empirical model for tool wear W as:

W =0.033905+1.00104 x f, —0.000279x n
+0.22193xa, —0.000665x f, xn+0.908571x f, xa,

+0.000054x nx &, +1.04156x f2 +0.0000001124x n’ ©)
~0.175204xa’

(3) Determination of optimization variables and objective function

The simultaneous optimization multi-objective proposed in this paper is smaller tool wear and, a
higher material removal rate with mathematical description and constraints:

F =minW(f,,na,)

F,=maxQ(f,,na,)

0.Imm/z< f,<0.5mm/z (10)
800r / min <n <3000r / min

0.Imm<a, <0.8mm

The material removal rate Q is calculated as:
Q=nf,a,a,z/1000 (11)

(4) Optimization results of machining process parameters
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The basic idea of a multi-objective optimization algorithm is: First, an initial population of size N is
randomly generated, After non-dominated sorting, the first population of offspring (population) is
obtained by the three basic operations of genetic algorithms: selection, hybridization, and mutation;
Second, starting with the second generation, the parent group (population) is merged with the
offspring population, Perform fast non-dominated sorting, Crowding is also calculated for individuals
in each non-dominated layer, Selection of suitable individuals to form a new parent population based
on non-dominance relationships and crowding of individuals, Finally, new offspring populations are
generated by the basic operations of the genetic algorithm.

A multi-objective optimization technique can be used to swiftly produce non-dominated, preferred
solutions. Coding techniques, initial value assignment, fitness function with quick non-dominated
sorting, and congestion calculation are all used in multi-objective optimization algorithms to obtain
the Pareto optimal solution set. Its main flow is shown in Figure 6.

commencement

!
Initializing populations
!
Rapid undominated sorting

'

Selection, crossover, mutation

'

— Parent-child merger

!

Rapid undominated sorting

'

Congestion calculations

'

Generation of new populations

'

Selection, crossover, mutation

'
— G>Gen

Figutr 6. Flowchart of multi-objective optimization algorithm

Set the initialization population to 50 and the maximum number of iterations to 300, The crossover
ratio is 0.08 and the probability of crossover difference is 0.05, Obtaining the Pareto optimal solution
set. To facilitate the selection and comparison of process parameters during actual machining, four
groups of optimized process parameters are taken randomly, as shown in Table 5.

Table 5. Pareto optimal solution set

: f n a, w Q
serial number : 3 . 1
(mm/z) (r/min) (mm) (mm) (cm’smin™)
1 0.36 2060 0.44 0.023 1.2222
2 0.46 1900 0.60 0.027 1.4945
3 0.49 1990 0.70 0.074 1.7464
4 0.475 2150 0.30 0.022 1.7566
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From the table, it can be seen that to control the amount of tool wear you need to focus on controlling
the size of the depth of cut, Maximum tool wear of 0.0735 mm in 4 sets of optimized machining
parameters, and Meet the amount of tool wear within the range.

From Figure 7, it can be seen that the overall tool wear and material removal rate obtained by the
group of 17 multi-objective optimization algorithms is smaller than that obtained by the group of
BBD orthogonal test schemes, To verify the effect after optimization, the objective function values
and process parameter groups before and after optimization of 1 group in the figure were arbitrarily
selected for comparison, and the results are shown in Table 6.
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Figure 7. Comparison of tool wear and material removal rate before and after optimization

Table 6. Rate of change before and after optimization

f, n a, W Q
(mm/2) (/min) | (mm) | (mm) (cm®-min™)
pre-optimization 0.30 1900 0.450 0.158 0.2052
post-optimization 0.45 1899 0.592 0.043 1.4605
variation difference 0.115 -1.2553

In Table 6, the optimized feed per tooth, spindle speed, and milling depth are increased. Tool wear
was reduced by 0.115mm and material removal increased by -1.2553 cm?®*smin™.

5. Conclusion

In this paper, DEFORM-3D is utilized as the main tool for simulating the tool wear process and
calculating the process parameters were optimized using a multi-objective optimization algorithm
and the conclusions are as follows:

A three-dimensional thermodynamically coupled rigid-plastic finite element model of metal cutting
was established to obtain tool temperature and tool wear data to investigate, It is verified that the
maximum temperature and wear of tools on convex surfaces are less than those on concave surfaces,
A study related to the acquisition of data on the amount of wear of comparable tools available.

Study of a tool wear control program that synthesizes high material removal rates, According to the
parameters to be set in the CAM software and the actual machining situation in the factory. Adding
high material removal rates to tool wear influencing factors, An orthogonal test scheme was used to
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simulate the acquisition of the dataset, combined with a multi-objective optimization algorithm for
the optimization of the process parameters, to obtain practically usable process parameters for high
material removal rate and low tool wear.

The study focuses on developing a tool wear control program that can achieve high material removal
rates based on the parameters set in the CAM software and the actual machining conditions in the
factory. By incorporating high material removal rates as one of the influencing factors for tool wear,
we obtained a dataset through simulation using an orthogonal test scheme. We then optimized the
process parameters using multi-objective optimization algorithms to obtain practically usable
parameters that ensure both high material removal rates and low tool wear.
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