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Abstract: This study explores the performance of micro-textured tools when cutting GH4169 during
spray cooling. First, the morphologies of the micro-textures were selected according to the simu-
lation and experiments. Secondly, cutting experiments were carried out during spray cooling. As
appropriate for each experiment, regression models of cutting force, cutting temperature, or tool wear
area were established, and variance analysis was conducted. The cutting force, cutting temperature,
and tool wear area functions were obtained from the respective regression models. Based on these
functions, the micro-texture parameters were optimized using the response surface method with the
cutting force, cutting temperature, and rake face wear area as the objectives. Finally, a full factor ex-
periment on the micro-texture parameters was designed using Minitab, and cutting experiments were
conducted using micro-textured tools with these parameters. Taking a relatively low cutting force,
cutting temperature, and tool wear as the objectives, a genetic algorithm multi-objective optimization
model for the micro-texture parameters of the tools was established, and the model was solved using
the NSGA-II algorithm to obtain a Pareto solution set and micro-texture parameters with a good,
comprehensive cutting performance. The micro-texture morphology and parameters obtained in this
study can also be used for cutting other high-temperature alloy materials with similar properties
to GH4169. This research method can also be used to optimize micro-textured tools for cutting
other materials.

Keywords: micro-texture parameters; GH4169; multi-objective optimization; response surface
method; genetic algorithm

1. Introduction

The nickel-based superalloy GH4169 has very stable physical and chemical properties,
high creep resistance, and thermal stability [1,2]; however, due to its excellent performance,
GH4169 is a material that is difficult to machine. In order to solve the problem of the difficult
machining of GH4169, some scholars have started their research from the perspective
of the cutting environment and applied different cooling and lubrication technologies,
such as spray cooling [3], high-pressure cooling [4], liquid nitrogen cooling [5], and low-
temperature cold [6], in the process of machining to obtain good machinability.

In recent years, with the continuous development of science and bionics technology,
the method of machining micro-textures on the surface of tools to improve their cutting
performance has been favored by most scholars. Additionally, these types of tools with
micro-textures are collectively called “micro-textured tools”. The existence of micro-textures
can effectively reduce the contact area between the tool and the chip being cut, thereby
improving the cutting performance of the tool [7-10]. Moreover, when the tool is cutting in
certain lubrication conditions, the advantages of the micro-texture will be more obvious.

Scholars at home and abroad have conducted extensive research on the morphologies,
size parameters, and arrangements of the micro-textures of micro-textured tools.

Some scholars have studied micro-texture morphologies that are suitable for different
workpiece materials. For instance, Ali, Shafahat et al. designed micro-textured tools with
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rectangular and triangular microgrooves for cutting stainless steel (AISI60), simulated
and analyzed the performance of the two types of micro-texture shapes, and found that
the rectangular microgroove-textured tools had a better performance [11]. Tu et al. used
laser technology to machine micropits and microgrooves on the rake face of Al,O3/TiC
ceramic tools. They studied the cutting performances of two types of micro-textured
self-lubricating tools on hardened steel and compared them with traditional non-textured
ceramic tools. The results indicated that the reduction in the cutting force of the micropit-
textured tools was greater than that of the microgroove-textured tools [12]. Rajurkar,
Avadhoot et al. analyzed the performance of two types of micro-textured tools for cutting
chromium nickel iron alloy 718 in different cutting conditions. The results indicated
that the microchannel-textured tools showed a notable improvement in tool life up to
60% over micro dimple-textured tools at lower cutting speeds; however, almost the same
tool life was found with both tools at higher cutting speeds [13]. Sagar Dhage et al.
designed micro-textures in different directions on an insert and used these micro-textured
inserts to cut AISI 1045 in dry cutting conditions. From the measured cutting force, it was
found that the cutting force of the insert with a micro-texture parallel to the cutting edge
was significantly lower than that of the insert with a micro-texture perpendicular to the
cutting edge [14].

Moreover, some scholars have also explored the influence of micro-texture parameters
on the cutting performance of tools. Li Kun et al. used hard alloy micro-textured tools
to conduct a simulation analysis of the cutting of Al7075-T6 aluminum alloy. The results
showed that the parameters of the micro-texture greatly reduced the tool wear. The
optimized micro-texture parameters with the best cutting performance were as follows:
width, 40 um; pitch, 80 um; depth, 20 um; spacing, 70 um [15]. Liu Yayun et al. designed
carbide micro-textured tools with different texture parameters and conducted cutting
experiments on Al;O3;. From their analysis, the optimal micro-texture parameters that
could achieve the optimal wear resistance and workpiece surface quality were as follows:
the width of the micro-texture was 75 pm, the spacing was 100 um, and the pitch was
75 um [16]. V. Sharma et al. designed micro-textured tools and analyzed the influence of
the micro-texture parameters on the cutting force when cutting 4340 hardened steels, finally
obtaining the optimal parameters of the micro-textured tools [17]. Through an experiment,
Guo et al. analyzed the influence of microgroove parameters, such as the width, depth, and
spacing, on the cutting force when cutting TC4 [18].

The above analysis indicates that, at present, the research on the micro-texture param-
eters of inserts mainly focuses on cutting aluminum alloy and titanium alloy and that the
micro-texture parameters of inserts for nickel-based superalloy have not yet been studied.
This paper studied the micro-texture parameters of micro-textured tools for cutting the
GH4169 superalloy.

Research on the arrangement of micro-textures has also been reported in some studies.
Tong Xin et al. studied the influence of variable-density micro-textured ball-end milling
cutters on cutting titanium alloy and used a fuzzy algorithm to optimize the distribution of
the ball-end milling cutters, obtaining variable spacings of 200 pm, 150 um, and 175 pm for
the studied micro-textures [19]. D. Arulkirubakaran et al. simulated the cutting process
of Ti-6AL-4V using WC/Co micro-textured tools while using DEFORM with SAE 40 as a
semi-solid lubricant. Combined with turning experiments, it was found that the cutting
temperature of the micro-textured tool decreased to varying degrees during the cutting
process, and this effect was more pronounced when cutting with vertical micro-textured
tools [20]. Wang et al. conducted a simulation cutting of AISI 1045 carbon steel by using
micro-textured tools and concluded that compared with non-textured and micro-textured
tools, the cooling effect of the lateral micro-texture was more significant, and it exhibited a
good chip-breaking performance during the cutting process [21].

From the above analysis, it can be seen that the current research on the arrangement
of micro-textures uses a linear arrangement parallel or perpendicular to the cutting edge,
and there is no research on arc-shaped arrangements. The research on these arrangement
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methods also targets aluminum alloy and titanium alloy workpieces. Research on the
micro-texture arrangement of tools for GH4169 has not been conducted yet.

The optimization of micro-texture parameters has also been studied. Based on Oxely’s
analysis model, Kishawy and Hossam A. optimized the microstructure parameters and
obtained the microstructure parameters when cutting an AISI 1045 steel pipe with ceramic
microgroove-textured tools, focusing on the cutting force. In addition, the examination
showed no evidence of derivative cutting when using the optimized micro-textured insert,
which also proved the efficacy of the proposed model [22]. Cheng Yaotian et al. simulated
and experimentally analyzed the cutting force and depth of the damage under the surface
of the workpiece when cutting carbon-fiber-reinforced plastic with microgroove-textured
tools. The surface response method was used to optimize the groove parameters, and the
microgroove parameters with the lowest cutting force and depth of damage under the
surface were obtained [23]. Li Binbin et al. simulated and analyzed the cutting force of
Inconel718 with sinusoidal-groove-textured tools and optimized the micro-texture parame-
ters with the minimum cutting force by combining range analysis and effect analysis [24].
Yu Yinghua et al. studied the influence of elliptical-opening offset parabolic micro-texture
feature parameters on the cutting performance of a tool for cutting Ti6Al4V based on the
response surface methodology. Through neural networks and genetic algorithms, the micro-
texture parameters were optimized with the main cutting force and cutting temperature as
the targets, obtaining a set of optimal parameters, resulting in a reduction of 11.24% and
15.28% in the cutting force and temperature, respectively [25].

The results of different optimization methods may not necessarily be the same, and
current research has mostly focused on single-objective optimization of micro-texture
parameters using a single method. This paper considered the comprehensive performance
of the studied tools—that is, taking the cutting force, cutting temperature, and tool wear as
the targets, and considering the applicability and calculation efficiency of the optimization
algorithm—and used two methods to carry out multi-objective optimization of micro-
textured tools for cutting GH4169.

Based on the research of micro-textured tools mentioned above, the existing research
achievements and further research on micro-textured cutting tools can be summarized
as follows:

(1) Micro-textures with reasonable morphologies and size parameters on the rake/flank
surfaces of the tool can reduce the contact between the tool and the chip in the cutting
process. The existence of micro-textures reduces the total contact area between the
tool and chip and improves the cutting performance.

(2) For the cutting performance of micro-textured tools, combinations of different mor-
phologies and size parameters will have a positive or negative impact on the cut-
ting performance. Generally speaking, reasonable morphologies and parameters of
micro-textures can significantly improve the cutting performance of the tool; con-
versely, they may lead to a decrease in the cutting performance of the tool due to
secondary cutting.

(3) For different workpiece materials, various micro-texture morphologies and size pa-
rameters can be used to achieve a good performance. At present, there is a lot of
research on micro-textured tools for titanium, but there is relatively little research on
micro-textured tools for nickel-based superalloys. The morphology that is suitable
for titanium alloys is not necessarily suitable for aluminum alloys or nickel-based
superalloys. For different variations of a single workpiece material, even if they
have the same micro-texture morphology but different size parameters, their cutting
performance will not be the same. The size parameters of a micro-texture that provide
the most significant reduction in the cutting force may not necessarily have the best
effect on the cutting temperature reduction or produce a good surface quality of
the workpiece.

(4) Most scholars have only studied a single morphology of micro-textures or the impact
of a single parameter of micro-textures on the cutting performance, rarely mentioning
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the study on the effect of the interaction effect of the micro-texture parameters on the
cutting performance.

Based on the above analysis, in order to improve the process ability and tool life
when cutting the nickel-based superalloy GH4169, micro-textured tools were designed
to cut GH4169 during spray cooling. This paper explored the cutting performance of
micro-textured tools with different morphologies and parameter combinations through
experimental and simulation analyses during spray cooling. The response surface method
and genetic algorithm were used in the multi-objective optimization of the micro-texture
parameters to obtain suitable micro-texture morphologies and size parameters for cutting
GH4169, providing the tools with a good, comprehensive performance.

2. Experiment of Micro-Textured Tools for Cutting GH4169
2.1. Design and Processing of Micro-Textured Tools

Five types of micro-textured tools with different morphologies were designed and
processed for the cutting experiments. Partial larger views of the five micro-textured tools
with different morphologies are shown in Figure 1. T1 is a micropit-textured tool that has
three rows of lattice-shaped micropits parallel to the tool nose arc on the rake face; T2, a
micro-wave-groove-textured tool that has five rows of corrugated grooves parallel to the
arc of the tool nose on the rake face; T3, a micro-parallel-groove-textured tool that has
four rows of straight grooves that are approximately parallel to the arc of the tool nose on
the rake face; T4, a micro-elliptic-line-groove-textured tool that has mixed microgrooves
with a combination of circular and straight grooves on the rake face; and T5, a micro-arc-
groove-textured tool that has five rows of arc grooves parallel to the tool nose arc on the
rake face.

() o ©

Figure 1. Partial larger views of the nose of the micro-textured tools: (a) micropit; (b) micro-wave-

groove; (c) micro-parallel-groove; (d) micro-elliptic-line-groove; (e) micro-arc-groove.

In order to analyze the performance of the five morphologies, a simulation model
of the micro-textured tools when cutting GH4169 was established using the same cutting
micro-textured tools when cutting GH4169. The cutting force, cutting temperature, and
wear depth of the rake face of the tools were obtained. The cutting force is shown in
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Figure 2, the cutting temperature is shown in Figure 3, and the cloud map of the wear depth
of the tool rake face is shown in Figure 4. The simulated average cutting force, average
cutting temperature, and tool wear depth are shown in Table 1.

From Figure 2, it can be seen that compared with the non-textured tool, the micropit-
textured tool had the lowest cutting force, followed by the micro-parallel-groove-textured
tool. From Figure 3, it can be seen that, compared with the non-textured tool, the micro-
parallel-groove-textured tool had the lowest cutting temperature, followed by the micropit-
textured tool. From Figure 3, it can be seen that, compared with the non-textured tool, the
micropit-textured tool had the lowest wear depth, with a maximum value of 0.182 mm,
followed by the micro-parallel-groove-textured tool.
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Figure 2. Cutting forces of the five micro-textured tools and a non-textured tool.
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Figure 3. Cutting temperatures of the five micro-textured tools and a non-textured tool.
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Figure 4. Wear depths of the tools: (a) micropit-textured tool; (b) micro-parallel-groove-textured
tool; (c) micro-wave-groove-textured tool; (d) micro-elliptic-line-groove-textured tool; (e) micro-arc-
groove-textured tool; (f) non-textured tool.

Table 1. Simulation results of the micro-textured tools with different morphologies.

Micro-Texture Average Cutting Average Cutting Wear Depth
Morphology Temperature (°C) Force (N) (mm)

Micropit 115 205.23 0.00182
Micro-parallel-groove 105 232.82 0.00218
Micro-wave-groove 108 247.48 0.00202
Micro-elliptic-line-groove 109 259.15 0.00262
Micro-arc-groove 115 256.41 0.00346
Non-textured 141 272.8 0.00417

From Table 1, it can be seen that among the five types of micro-textured tools, the
cutting force and wear depth of the micropit-textured tool were lower than those of the
other micro-textured tools. This result can be explained as follows: Among the five micro-
textured tools with different morphologies, the micropits in the micropit-textured tool
are distributed in a lattice. Compared with the other micro-textured tools, the contact
area of the tool chips is smaller. It is believed that the friction force is proportional to the
contact area of the tool chips; therefore, the friction force of the micropit-textured tool is
lower, which results in a lower wear and cutting force compared with those of the other
micro-textured tools with different morphologies. From Table 1, it can also be seen that the
cutting temperature of the micro-parallel-groove-textured tool was lower compared with
that of the other micro-textured tools.
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Workpiece

Micro-textured tool

Based on the above results, it was ultimately determined that the cutting performance
of the micropit-textured tool was better than that of the other micro-textured and non-
textured tools. Therefore, micropit-textured tools were used as the research object for the
multi-objective optimization. Different parameters of the micropit-textured tools were
processed, and cutting experiments were carried out. Through multi-objective optimization
methods, the micro-texture parameters were optimized to obtain a good, comprehensive
performance of the tools.

2.2. Experiment of Micro-Textured Tool for Cutting GH4169

Before the multi-objective optimization, cutting experiments were conducted on the
micro-textured tools when cutting GH4169. The machine tools and equipment used in
the experiment were as follows: CKA6140 CNC lathe; CNMA120408-cemented carbide
inserts with a micropit texture on their rake face; DCLNR 2525 M12 tool shank; GH4169
bars with a diameter of 120 mm and a length of 300 mm; three-axis dynamic piezoelectric
force measuring instrument (Kistler 9139AA) to measure the force; WPNK-191-armored
thermocouple to measure the cutting temperature; KQ2200DE CNC ultrasonic cleaner (to
clean the inserts); and model OoW129S composite spray cooling system (to spray atomized
cutting fluid into the cutting area for cooling). The setup of the experiment is shown
in Figure 5.

Force measuring instrument Spray nozzle

Figure 5. Machine tools and testing equipment used in the experiments.

3. Response Surface Method for Multi-Objective Optimization of Micro-Texture
Parameters of Tools

3.1. Cutting Experiment and Result Analysis

Before conducting the multi-objective optimization, the first step was to determine
the experimental method. In order to minimize the optimal costs and improve the optimal
efficiency, this paper used the Box-Behnken design (BBD) method to design the micro-
texture parameters [26].

Before conducting the experimental design, it was necessary to determine the size
range of the micro-texture parameters. In this paper, the size ranges of the micropit texture
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parameters were as follows: the edge distance (parameter A) was 60-100 pm, the diameter
(parameter B) was 40-60 um, and the spacing (parameter C) was 100-140 um. The division
of the three parameter levels of the micro-texture is shown in Table 2. The meaning of
the parameters is shown in Figure 6. The parameters of the micropit texture are shown
in Table 3.

Table 2. Micro-texture parameter levels.

Level/Factor A (um) B (um) C (um)
-1 60 40 100
0 80 50 120
1 100 60 140

detail .
<— s

Figure 6. Schematic diagram of the micro-texture parameters.

Table 3. Combination scheme of micropit texture parameters.

NO. A (um) B (um) C (um)
1 80 50 120
2 60 50 100
3 80 50 120
4 100 50 100
5 80 50 120
6 80 50 120
7 60 40 120
8 80 40 140
9 80 60 140
10 100 60 120
11 60 50 140
12 100 40 120
13 60 60 120
14 80 50 120
15 80 60 100
16 100 50 140
17 80 40 100

Based on different combinations of the micropit parameters presented in the previous
text, a femtosecond laser was used to process the micropit texture on the rake of the tools.
Through preliminary experiments and simulations by the research group, it was found
that the relatively reasonable depth of the micro-texture was between 20 and 30 pm; thus,
the micro-texture depths processed in this article were all 30 um. Images of the micropit-
textured tools collected during scanning electron microscopy are shown in Figure 7.
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(a)
(©)

Figure 7. Partial larger views of micropit-textured tools with deferent parameters (A-B-C) processed
using a femtosecond laser: (a) 60-50-120; (b) 80-60-120; (c) 80-50-100; (d) 100-40-140.

(d)

The cutting experiments were conducted at a cutting speed of 80 m/min, a feed rate
of 0.2 mm/r, and a cutting depth of 0.2 mm. Moreover, the time intervals were 10-20 s,
and the average cutting force and temperature of the tools under different combinations
of micro-texture parameters were obtained, as shown in Table 4. In order to analyze the
influence of the micro-texture parameters on the tool wear area, the micropit-textured tools
were observed under a scanning electron microscope after the experiment, and it was found
that the wear patterns of the tool rake faces were different and irregular. This paper used
the rectangular equivalent method (micro-element method) to calculate the wear areas of
the different shapes of each tool’s rake face; an irregular wear area is equivalent to a regular
rectangular shape. In this method, the length and width of the rectangle are measured, and
the area of the rectangle equivalent to the wear area of the rake face of the tool is calculated.
The calculated wear areas of the tools’ rake faces are shown in Table 4, and enlarged views
of the partial tool wear after the cutting experiments are shown in Figure 8.

Table 4. Cutting force, temperature, and wear area of the cutting tools under different micro-
texture parameters.

No A B C Cutting Force Cutting Wear
: (um) (um) (um) (N) Temperature (°C) Area (um?)
0 - - - 240.99 138 109,938
1 80 50 120 233.03 123 81,730
2 100 40 120 238.35 123 92,069
3 60 40 120 240.31 112 101,138
4 60 50 140 249.33 116 87,024
5 80 40 140 250.35 130 93,261
6 60 50 100 233.38 108 82,891
7 80 60 140 262.89 128 80,070
8 80 50 120 230.47 125 81,730
9 80 50 120 228.09 128 81,730
10 80 60 100 211.08 109 72,021
11 80 50 120 236.2 125 81,730
12 100 60 120 201.42 108 70,709
13 80 40 100 239.38 118 95,499
14 100 50 140 243.32 102 81,427
15 60 60 120 2294 124 75,050
16 80 50 120 231.47 126 81,730
17 100 50 100 228.49 114 76,024
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80-50-120 100-40-120 60-40-120

60-50-140 80-40-140 60-50-100

80-60-140 80-60-100

80-50-120

100-60-120 80-40-100 100-50-140

None-textured

60-60-120 100-50-100

Figure 8. Wear of the rake faces of tools with different micro-texture parameters (the number in the
upper right corner of the figure represents the value of parameters A, B, and C of the micro-texture).

From Table 4, it can be seen that the cutting force of tool No. 12 in the experiment
was the lowest; that is, when the edge distance A was 100 um, the diameter B was 60 pm,
the spacing C was 120 um, and the cutting force of the micropit-textured tool reached
its minimum value of 201.42 N. It can also be seen that the cutting temperature of tool
No. 14 in the experiment was the lowest; that is, when the edge distance A was 100 um,
the diameter B was 50 pm, the spacing C was 140 um, and the cutting temperature of
the micropit-textured tool reached its minimum value of 102 °C. The wear area of tool
No. 12 was the lowest; that is, when the edge distance A was 100 um, the diameter B was
60 um, the spacing C was 120 um, and the wear area of the micropit-textured tool reached
its minimum value of 70,709 um?2.
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3.2. Multi-Objective Optimization of Tool Micro-Texture Parameters Using Response Surface Method
3.2.1. Regression Model Analysis

In this paper, the response surface method (RSM) was used to establish the regression
equation between the three optimization variables, namely A, B, and C, and the three
response indicators, namely the tool cutting force, cutting temperature, and tool wear area.

Significance analyses of the regression models of the cutting force, cutting tempera-
ture, and tool wear area of the rake faces of the tools are shown in Table 5, Table 6, and
Table 7, respectively.

From Table 5, it can be seen that the interaction of the micro-texture parameter BC had
a significant impact on the cutting force. From Table 6, it can be seen that the interaction of
AC had a significant impact on the cutting temperature. From Table 7, it can be seen that
the interaction of the micro-texture parameter BC had a very significant impact on the tool
wear area.

Table 5. Variance analysis of the cutting force.

Sum of Mean Square

Source of Variance Squares Freedom Value F Statistics p
Model 2866.59 9 318.51 6.59 0.0106
A 208.49 1 208.49 4.31 0.0765
B 505.62 1 505.62 10.46 0.0144
C 1094.18 1 1094.18 22.63 0.0021
AB 169.26 1 169.26 3.50 0.1035
AC 0.31 1 0.31 0.01 0.9381
BC 416.98 1 416.98 8.62 0.0218
A2 48.34 1 48.34 1.00 0.3506
B2 5.03 1 5.03 0.10 0.7564
c2 435.19 1 435.19 9.00 0.0199
Residual 338.46 7 48.35
Misfitting term 301.96 3 100.65 11.03 0.0210
Pure error 36.50 4 9.13 - -
Total dispersion 3205.04 16 - - -
Table 6. Variance analysis of the cutting temperature.
Source of Variance Sum of Freedom Mean Square F Statistics 4
Squares Value
Model 1471.69 9 163.52 7.81 0.0065
A 325.13 1 325.13 15.53 0.0056
B 2.00 1 2.00 0.10 0.7663
C 528.13 1 528.13 25.23 0.0015
AB 12.25 1 12.25 0.59 0.4693
AC 361.00 1 361.00 17.24 0.0043
BC 42.25 1 42.25 2.02 0.1984
A2 8.25 1 8.25 0.39 0.5500
B2 186.20 1 186.20 8.89 0.0204
c2 5.09 1 5.09 0.24 0.6369
Residual 146.55 7 20.94
Misfitting term 145.75 3 48.58 242.92 0.0001
Pure error 0.8 4 0.20 - -
Total dispersion 1618.24 16 - - -

The analysis results showed that the p values of the regression models of the cutting
force, cutting temperature, and wear area of the rake face were 0.0106, 0.0065, and p < 0.0001,
respectively, indicating that the regression models established were significant, and the
determination coefficients R? of these regression models were 0.8944, 0.9094, and 0.9803,
which were all close to 1; in other words, the accuracy of all experimental data explained by
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these models reached 89.44%, 90.94%, and 98.03%, respectively. In addition, the signal-to-
noise ratio, Adeq Precision values of the models were equal to 8.9817, 5.7686, and 19.6011,
all of which were greater than 4.

Table 7. Variance analysis of the tool wear area.

Source of Variance Sum of Freedom Mean Square F Statistics p
Squares Value
Model 0.4076 9 0.0453 38.82 <0.0001
A 0.1067 1 0.1067 27.07 0.0013
B 0.0794 1 0.0794 286.11 <0.0001
C 0.0003 1 0.0003 9.52 0.01766
AB 0.0272 1 0.0272 1.81 0.2207
AC 0.0025 1 0.0025 0.13 0.7286
BC 0.0756 1 0.0756 8.56 0.0222
A2 0.1601 1 0.1601 0.00 0.9935
B2 0.0007 1 0.0007 15.55 0.0056
c2 0.0421 1 0.0421 0.31 0.5940
Residual 0.0082 7 0.0012
Misfitting term 0.0050 3 0.0017 414 0.2465
Pure error 0.0032 4 0.0008 - -
Total dispersion 0.4158 16 - - -

Obviously, the above contents sufficiently reflect the accuracy and reliability of the
established regression model of the cutting force. The regression models of the cutting
force, cutting temperature, and tool wear area of the micropit-textured tools were finally
established as follows:

R1=676+2.81 x A —323 xB —801 x C—-0.0325 x A xB—0.0007 x A x C+0.0510 x Bx C —

0.0085 x AZ — 0.0109 x B2 + 0.0510 x C2 M)

R2=122 -305x A+785xB—134 x C+0.0088 x A x B+0.0238 x A x C —0.0163 x B x C —

0.0035 x A% — 0.0665 x B? + 0.0028 x C?2 )

R3 =345,571 — 555 x A — 6446 x B — 898C% +5.91 x A x B+0.79 x A x C+12.86 x B x C +

0.02 x A% +33.78 x B% + 1.20 x C2 3)

Residual positive probability graphs (referred to as residual) were used to test whether
the data follow certain rules and judge whether the established regression models of the
micro-textured tools’ cutting force, cutting temperature, and tool wear area are reasonable.
As shown in Figure 9, the residual graphs of the cutting force, cutting temperature, and
tool wear area show linear aggregation, and they also have the characteristics of a uniform
distribution without overflow points, indicating that the data are relatively reasonable. The
contour maps of the 3D response surface of the influence of the interaction between two
pairs on the cutting force, cutting temperature, and tool wear area are shown in Figure 10,
where the small red dots indicate the position and response values of the experimental data
or optimization points in the response surface model, which is helpful for analyzing and
optimizing multivariate functions.

From Table 5, it can be seen that the interaction of the micro-texture parameter BC had
a significant impact on the cutting force. Figure 10a shows the contour map of the response
surface of the diameter and spacing (BC). As the diameter B and spacing C decreased, the
overall response surface showed a trend of an initial decrease followed by an increase.
The gray area below shows an increase in the contour curvature; therefore, the interaction
between the diameter and spacing (BC) had a significant impact on the cutting force of
the tool. It can be seen from Table 6 that the interaction of AC had a significant impact
on the cutting temperature. Figure 10b shows the contour map of the response surface of
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the edge distance and spacing (AC). As can be seen from the graph, with the decrease in
the edge distance A and spacing C, the cutting temperature increased, and the response
surface showed an overall upward trend. The curve in the gray plane below represents the
contour line: the larger the curvature, the more significant the interaction between the edge
distance and spacing (AC) on the cutting temperature of the tool.

It can be seen from Table 7 that the interaction of the micro-texture parameter BC had
a very significant impact on the tool wear area. Figure 10c shows the contour map of the
response surface of the diameter and spacing (BC). It can be seen from the figure that as
the diameter B and spacing C decreased, the response surface showed an overall upward
trend. The curve in the lower gray plane represents the contour. As its curvature increased,
the interaction between the diameter and spacing (BC) had a more significant impact on
the tool wear area.
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Figure 9. Residual diagrams of the cutting force, cutting temperature, and wear area: (a) residual
diagram of the cutting force; (b) residual diagram of the cutting temperature; (c) residual diagram of
the tool wear area.

3.2.2. Multi-Objective Optimization of Tools” Micro-Texture Parameters

On the basis of the above analysis, the response surface method was used to optimize
the combination of micro-texture parameters. Firstly, Design-Expert was used to analyze
the second-order surface model of the micro-texture parameters; optimize the extreme
points of the three response variables of the micro-textured tools, namely the cutting force,
cutting temperature, and tool wear area; and find a group of parameters in the process
of optimization, so as to obtain the optimal cutting performance of the micro-textured
tools. In the process of optimization, the three response variables of the micro-textured
tools were set as follows: the cutting force ranged from 201.42 N to 280.35 N, the cutting
temperature ranged from 102 °C to 130 °C, and the tool wear area ranged from 70,709 um?
to 101,138 um?.
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Figure 10. Three-dimensional response surface contour maps of the influence of the interaction of

the micro-texture parameters on the cutting force, temperature, and wear area: (a) interaction of the
diameter and spacing (BC) on the cutting force; (b) interaction of the edge distance and spacing (AC)
on the cutting temperature; (c) interaction of the diameter and spacing (BC) on the tool wear area.

After setting the corresponding variables of the micro-texture, the optimal combination
from the multi-objective optimization was obtained as follows: the edge distance A of
the micro-texture was 81.3505 um, the diameter B was 56.786 um, and the spacing C was
102.377 um. Correspondingly, the cutting force was 216.795 N, the cutting temperature was
117 °C, and the tool wear area was 72,697.4 um?.

After debugging the relevant equipment, a micropit-textured tool with the optimal
parameters was processed, and a cutting experiment was carried out. The tool’s cutting
force was 202.5 N, the cutting temperature was 113 °C, and the wear area was 71,994 um2.
The results show that the relative errors between the optimized results of the response
surface method and the experimental results were as follows: cutting force, 6.59%; cutting
temperature, 3.42%; and tool wear area, 0.94%. Under the same conditions, the cutting force
of the non-textured tool was 240.98 N, the cutting temperature was 138 °C, and the wear
area was 109,942 pum?. Compared with non-textured tool, for the optimized micro-textured
tool, the cutting force, cutting temperature, and tool wear area were reduced by 15.97%,
18.12%, and 34.52%, respectively.
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4. Multi-Objective Optimization of Tools” Micro-Texture Parameters Using
Genetic Algorithm

In order to explore the influence of the micro-texture parameters more accurately under
different combinations on the cutting performance of the micro-textured tools, the NSGA-II
algorithm based on approximate models was used for the multi-objective optimization
of the micro-texture parameters and to intelligently solve the Pareto solution set. Firstly,
27 full-factor experiments on the micro-texture parameters were designed using Minitab,
and trained and predicted using the RBF and BP approximate models in MATLAB (the
analysis models; the calculation results of these models are similar to those of the analysis
model from the simulation process). The two approximate models were optimized based
on the predicted results. Then, the NSGA-II algorithm was used to optimize the three
response target approximate models and obtain the Pareto solution set.

4.1. Experimental Design of Neural Network Optimization for Micro-Texture Parameters

When using RBF neural networks for parameter optimization, in order to achieve
ideal results, it is usually necessary to use a large amount of data; therefore, this paper used
Minitab to design full factor experiments on the micro-texture parameters to achieve more
accurate results after training. Table 8 shows the results of the 27 full-factor experiments
designed using Minitab [27,28].

Table 8. Results of 27 full-factor experiments.

NO A B C Cutting Force Cutting Wear Area
: (um) (um) (um) (N) Temperature (°C) (um?)
1 80 40 120 263.38 130 90,107
2 80 40 140 280.35 134 93,261
3 60 60 140 249.49 121 85,264
4 80 50 120 221.47 128 81,730
5 100 40 140 270.43 132 89,657
6 60 60 100 246.43 113 71,294
7 100 60 140 244.79 128 71,863
8 60 40 140 282.66 129 99,963
9 80 60 120 217.46 118 77,565
10 100 60 120 201.42 108 70,709
11 80 50 100 258.83 124 79,852
12 80 60 100 219.08 111 72,021
13 100 50 100 257.03 114 80,364
14 60 40 100 268.68 124 91,526
15 100 40 120 262.35 123 92,069
16 60 50 140 269.33 126 87,024
17 60 50 120 267.39 125 82,664
18 100 40 100 287.61 127 90,659
19 100 50 140 258.82 121 83,693
20 60 50 100 263.38 116 82,891
21 100 60 100 211.95 106 69,654
22 80 60 140 240.89 123 80,070
23 60 40 120 259.31 128 101,138
24 60 60 120 234.43 119 79,519
25 100 50 120 243.39 116 82,687
26 80 40 100 273.35 121 87,696
27 80 50 140 260.33 125 85,542

According to the full factor experiments shown in Table 8, the cutting experiments
were conducted at a cutting speed of 80 m/min, a feed rate of 0.2 mm/r, and a cutting depth
of 0.2 mm. Based on the collected experimental data (cutting force, cutting temperature,
and wear area), a multi-objective approximate model for the micro-texture parameters was
established using RBF and BP neural networks.
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4.2. Comparison of RBF and BP Neural Network Approximate Models

By using MATLAB to program the RBF neural network, the response targets of dif-
ferent combinations of the micro-texture parameters were predicted using the obtained
approximate model, and the predicted results of this approximate model were compared
with the data obtained from the experiment. Table 9 shows the cutting force comparison
between the approximate models obtained using the two neural networks and the actual
simulation data. Table 10 shows the comparison of the cutting temperature, and Table 11
shows the comparison of the tool wear of the rake face. It can be seen that the error between
the predicted results of the approximate model obtained using the RBF neural network
and the actual simulation data were kept within a relatively small range, which indicates
that the accuracy and reliability of this approximate model’s prediction are relatively high.
As shown in Figure 11, the line chart of the comparison between the predicted values of
the last 10 groups of the RBF neural network approximate model and the simulation data
intuitively show that the predicted values and the simulation data basically illustrated a
consistent trend, which again proves the accuracy and reliability of the RBF neural network
approximate model.

The real value is compared with the predicted value The real value is compared with the predicted value
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Figure 11. Real and predicted values: (a) cutting force; (b) cutting temperature; (c) tool wear area.
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Table 9. The cutting force predicted using the RBF and BP neural networks.

RBF BP
Real Value 3 . . .
NO. (N) Predicted Relative Predicted Relative

Value (N) Error Value (N) Error
18 287.61 276.85 3.74% 284.00 1.26%
19 258.82 260.03 0.47% 256.74 0.80%
20 263.38 264.03 0.25% 258.86 1.72%
21 211.95 219.81 3.71% 225.47 6.38%
22 240.89 242.10 0.50% 248.26 3.06%
23 259.31 263.05 1.44% 261.50 0.85%
24 234.43 231.24 1.36% 233.30 0.48%
25 243.39 238.69 1.93% 236.05 1.23%
26 273.35 274.55 0.44% 279.33 2.19%
27 260.33 263.45 1.20% 266.53 2.38%

Table 10. The cutting temperature predicted using the RBF and BP neural networks.

RBF BP
Real Value
NO. ©C) Predicted Relative Predicted Relative

Value (°C) Error Value (°C) Error
18 127 127.45 0.35% 125.46 1.21%
19 121 124.26 2.69% 119.27 1.43%
20 116 119.43 2.96% 121.54 4.78%
21 106 108.41 2.27% 108.89 2.73%
22 123 121.89 0.90% 119.59 2.77%
23 128 128.47 0.37% 127.46 0.42%
24 119 119.48 0.40% 121.20 1.85%
25 116 117.01 0.87% 114.60 1.21%
26 121 121.79 0.65% 124.84 3.17%
27 125 128.65 2.92% 142.93 4.34%

Table 11. The wear area predicted using the RBF and BP neural networks.

RBF BP
Real Value

NO. (um2) Predicted Relative Predicted Relative
Value (um?) Error Value (um?) Error
18 90,659 86,380.91 3.72% 88,426.99 2.46%
19 83,693 83,131.80 0.67% 83,727.81 0.04%
20 82,891 82,918.22 0.03% 80,317.38 3.10%
21 69,654 69,338.83 0.45% 71,533.49 2.70%
22 80,070 77,311.25 3.44% 78,919.89 1.44%
23 101,138 94,246.54 6.81% 94,658.55 6.41%
24 79,519 77,204.46 2.91% 82,610.45 3.89%
25 82,687 79,981.91 3.27% 81,471.14 1.47%
26 87,696 88,738.77 1.19% 87,830.36 0.15%
27 85,542 85,489.67 0.61% 87,749.01 2.58%

4.3. RBF Approximate Model and NSGA-II Algorithm for Multi-Objective Optimization of
Micro-Texture Parameters

By comparing the predicted and experimental values of the two neural network
approximate models, it was found that the RBF neural network was more reliable and
accurate than the BP neural network in predicting the cutting force, cutting temperature,
and tool wear area when cutting using the micro-textured tools; therefore, the RBF neural
network was selected to establish a multi-objective optimization model for the micro-
texture parameters, and then combined with the NSGA-II multi-objective genetic algorithm
for optimization processing.
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After multiple iterations of the NSGA-II optimization algorithm, the Pareto front
diagrams for the three objectives were obtained, as shown in Figure 12.
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Figure 12. Pareto front diagrams: (a) cutting force—cutting temperature; (b) cutting force-wear area;
(c) cutting temperature-wear area; (d) cutting temperature—wear area—cutting force.

The nonlinear relationship between each objective function can be directly seen in the
Pareto diagrams. The curves in the Pareto diagrams are relatively smooth and all gather
together, indicating the accuracy and reliability of this optimization algorithm. In addition,
the diagrams prove that the NSGA-II optimization algorithm has good convergence. From
Figure 12, it can also be seen that an increase in one variable led to a decrease in another
variable, indicating the interaction and influence between various variables and verifying
the convergence, reliability, and accuracy of the NSGA-II optimization algorithm.

From the Pareto solution set obtained above, several sets of optimal feasible solution
sets were selected, as shown in Table 12. Through comparison, it was found that the first
group of three optimal solutions was more suitable for the optimization of the micro-texture
parameters in this paper compared with the other solution sets; therefore, the first group
of data was used as the final result of the micropit texture optimization, where the edge
distance A was 100 um, the diameter B was 60 pm, and the spacing C was 100 pm.

Table 12. Pareto optimal solution set.

NO A B C Cutting Force Cutting Wear Area
’ (um) (um) (um) (N) Temperature (°C) (um?)
1 100 60 100 210.64 105.24 69,138.00
2 100 60 107.85 208.94 108.13 70,213.15
3 98.98 59.99 100.26 210.83 105.33 69,175.35

From Table 12, it can be seen that when the edge distance A was 100 um, the diameter
B was 60 um, and the spacing C was 100 um, that the corresponding cutting force was
210.64 N, the cutting temperature was 105.24 °C, and that the tool wear area was 69,138 pm?.
In order to verify the accuracy and reliability of the NSGA-II genetic optimization algorithm
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based on the RBF neural network, relevant cutting experiments were carried out to verify
the optimization results, setting the same conditions as in the above experiments and
cutting GH4169 with the micropit-textured tool with the optimal micro-texture parameters.
The cutting force of the experiment was 204.67 N, the cutting temperature was 108 °C, and
the tool wear area was 70,724 pm?. Compared with the optimal solution set, the relative
errors of the cutting force, cutting temperature, and tool wear area of the micropit-textured
tool were 2.83%, 2.62%, and 0.29%, respectively. The errors were within the acceptable
ranges, which verifies the accuracy and reliability of the optimization results using the
RBF neural network and NSGA-II genetic optimization algorithm. Compared with the
non-textured tool, of which the cutting force, cutting temperature, and tool wear area were
240.99 N, 138 °C, and 109,938 pm?, respectively, the cutting force, cutting temperature, and
tool wear area of the optimized micro-textured tool were reduced by 15.07%, 21.74%, and
35.67%, respectively.

Based on the comparison between the optimization results obtained by combining the
RBF neural network with the NSGA-II genetic optimization algorithm and those obtained
using the response surface method, it was found that the optimization algorithm combining
the RBF neural network with the NSGA-II genetic optimization algorithm was more suitable
for optimizing the micro-texture parameters. Table 13 shows the comparison results of
the two optimization algorithms. In the table, the cutting performance of the tool after
using the two optimization algorithms can be intuitively seen. The cutting force, cutting
temperature, and tool wear area of the micro-textured tool optimized using the RBF neural
network and NSGA-II genetic algorithm were lower than those of the RSM, and the relative
error of RBF-NSGA-II was relatively low as well.

Table 13. Comparison of results between the two optimization algorithms.

Relative Error Cutting Relative Error

Algorithm Cutting Force of Cutting Temperature of Cutting Wear %rea Relative Error
(N) A (um*) of Wear Area
Force (@) Temperature
RSM 216.795 6.59% 117 3.42% 72,697.4 0.94%
RBF-NSGA-II 210.64 2.83% 105.24 2.62% 69,138 0.29%

5. Conclusions

This paper explored the influence of micro-texture morphologies and size parame-
ters on the cutting performance when cutting the nickel-based superalloy GH4169 with
micro-textured tools. Moreover, the optimal combination of micro-texture parameters was
analyzed using a multi-objective optimization algorithm. The conclusions are as follows:

1.  Simulation and cutting experiments were carried out on five types of micro-textured
tools with different shapes, and the average cutting force, average cutting temperature,
and tool wear depth of the tools were extracted. After comparison, it was found that
the cutting temperature and tool wear depth of the micropit-textured tool were
relatively low, and the cutting temperature of the micro-parallel-groove-textured tool
was relatively low.

2. The traditional response surface method and Box-Behnken design method were
used to optimize the micro-texture parameters of the micropits, and the optimized
combination of micro-texture parameters was obtained as follows: the edge distance
A was 81.3505 um, the diameter B was 56.786 um, and the spacing C was 102.377 pm.
Compared with the non-textured tool, the cutting force, cutting temperature, and tool
wear area of the optimized micro-textured tool were reduced by 15.97%, 18.12%, and
34.52%, respectively.

3. An optimization algorithm combining the RBF approximate model and NSGA-II
algorithm was used to optimize the micro-texture parameters of the micropits. The
optimized combination of micro-texture parameters of the micropits was as follows:
the edge distance A was 100 pm, the diameter B was 60 um, and the spacing C
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was 100 um. The experimental results show that the cutting force of the tool was
204.67 N, the cutting temperature was 108 °C, and the tool wear area was 70,724 pm?.
Compared with the non-textured tool, the cutting force of the optimized tool was
reduced by 15.07%, the cutting temperature was reduced by 21.74%, and the tool wear
area was reduced by 35.67%.

4. By comparing the optimization results of the response surface method and genetic
algorithm with the experimental values, the results show that the RBF-NSGA-II
optimization algorithm was more suitable for the multi-objective optimization of the
micro-texture parameters.
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