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Abstract: The GH4169 superalloy has the characteristics of high strength, strong thermal stability,
large specific heat capacity, small thermal conductivity, etc., but it is also a typical hard-to-cut material.
When cutting this material with ordinary cutting tools, the cutting force is large, and the cutting
temperature is high, which leads to severe tool wear and short service life. In order to improve the
performance of tools when cutting GH4169, reduce the cutting temperature, and extend the service
life of the tool, micro-textured tools were used to cut GH4169 in spray cooling. The effects of micro-
texture morphology and dimensional parameters on cutting temperature were analyzed. Firstly, tools
with micro-textures of five different morphologies were designed near the nose on the rake face of
the cemented carbide tools. The three-dimensional cutting models of the micro-textured tools with
different morphologies were established by using ABAQUS, and a simulation analysis was carried
out. Compared with the non-textured tools, the micro-texture morphology with the lowest cutting
temperature was selected according to the simulation results of the cutting temperature. Secondly,
based on the optimized morphology, tools with micro-textures of different size parameters were
designed. When cutting GH4169, the cutting temperature of the tools was simulated and analyzed,
and the size parameters of the micro-textured tools with the lowest cutting temperature were selected
as well. Finally, the designed micro-textured tools were processed and applied in cutting experiments.
The simulation model was verified in the experiments, and the influence of size parameters of micro-
textures on the cutting temperature was analyzed. This paper provides a theoretical reference and
basis for cutting GH4169 and the design and application of micro-textured tools.

Keywords: micro-texture; cutting parameters; temperature; finite element simulation; GH4169

1. Introduction

The nickel-based superalloy GH4169 has strong thermal strength, thermal stability,
and thermal fatigue properties. It is widely used in the aerospace field [1,2]. However,
GH4169 is a typical difficult-to-machine material. In the process of cutting GH4169, the
commonly used tools are often accompanied by harsh working conditions. In the cutting
process, the cutting temperature of the tool is very high, so it will change the friction
coefficient of the rake face and the performance of the workpiece material, and affect the
size of the built-up edge. All of these aspects will directly influence the service life of the
tool. In addition, it can also cause problems such as an unsatisfactory surface quality of the
processed workpiece and a failure to achieve the expected accuracy [3].

To solve the problem of high tool temperature in cutting, many scholars have
used different cooling technologies to cool down the cutting environment, such as low-
temperature cooling technology [4], high-pressure cooling technology [5,6], and spray
cooling technology [7].

In addition, with the continuous development of science and technology, a micro-
textured tool with excellent cutting performance has been favored by scholars in recent
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years, which can reduce the cutting temperature, cutting force, and friction coefficient, and
improve the surface quality of the machined workpiece.

Micro-textured tools originate from bionic tribology [8]. They are tools with a rake
face/flank that is designed and manufactured with micro-grooves, micro-pits, or other
surface textures of reasonable shape and arrangement by means of micro-machining tech-
niques such as the electric spark, lithography, and laser techniques. In the process of cutting,
the insertion of the structure reduces the contact length between the tool and the chips
and increases the heat dissipation area of the tool surface, thereby reducing the friction
coefficient, cutting temperature, and cutting force. Moreover, it also improves the machined
surface quality of the workpiece, prolongs tool life, and reduces energy consumption [9-11].

In recent years, many scholars have conducted a lot of research on micro-textured
tools with different morphologies and size parameters to improve cutting performance and
reduce cutting temperature:

Some scholars have studied the effect of micro-textures on the cutting performance
of tools. For instance, Rao et al. investigated the influence of micro-textured tools on
the cutting performance of Ti-6Al-4V titanium alloy with finite element simulation and
experiments. Through the research, it was found that in the same cutting conditions, the
cutting temperature of the micro-textured tools decreased by 30% [12]. Zhang et al. studied
the cutting performance of the micro-textured tools when cutting Ti-6Al-4V. Through
theoretical analysis and experiments, it was verified that the micro-textured tools can
effectively improve the lubrication performance and reduce the cutting temperature in
machining [13]. Liu et al. studied the cutting performance of the micro-textured WC-
10Ni3Al tools when cutting Ti-6Al-4V. It was found that, compared with the non-textured
tools, micro-textured WC-10Ni3Al tools can store lubricating oil and promote lubricating
oil penetration in the process of cutting, thus significantly reducing the cutting temperature
in the process of processing [14]. WU et al. conducted a comparative study on the cutting
performance of non-textured and micro-textured tools in cutting Ti-6AL-4V using ABAQUS
finite element simulation and experiments. They found that the cutting temperature of
micro-textured tools decreased by 5-25% during cutting [15].

Moreover, scholars also studied the influence of micro-textured tools with different
morphologies on cutting performance. Sun et al. studied the influence of micro-pit and
micro-groove composite textures on the cutting performance of WC/Co-based cemented
tools when cutting pure iron, and the experimental results found that the cutting tem-
peratures of micro-textured tools were significantly lower than that of non-textured tools,
and compared with a single micro-texture, the cutting temperatures of composite micro-
textures were reduced by 7.1~33.3% [16]. Feng et al. designed ceramic micro-textured
tools with different morphologies (MST-0, MST-1, MST-2), and conducted finite element
simulation on the cutting of A1203-TiC composite materials using micro-textured tools
with AdvantEdge. After comparison and verification with experiments, it was found that
the cutting temperature of MST-2 micro-textured tools was the lowest compared with tradi-
tional non-textured tools (MST-0) [17]. AlaaOleak et al. designed micro-textured tools with
different morphologies, and based on three-dimensional finite element simulation, studied
the impact of micro-textures with different morphologies on the cutting performance of
tools when cutting titanium alloys. Otherwise, it was found that pit micro-textured tools
have the best cooling effect, and compared with non-textured tools, the high-temperature
area of micro-textured tools is significantly less than that of non-textured tools [18].

In addition, some scholars have studied the influence of micro-textured tools with
different size parameters on cutting performance. For example, Yang et al. studied the
cutting temperature of micro-textured ball end milling cutters with different size parameters
when milling the titanium alloy by combining finite element simulation and experimental
verification. The optimal parameters of the micro-circular pit texture were obtained as
follows: the diameter of the micro-circular pit was 40 microns, pit spacing was 225 microns,
the distance from the cutting edge was 100 microns, and the radius of the blunt edge was
60 microns [19]. Li et al. analyzed the influence of width, spacing, edge distance, and depth
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of micro-texture on the main cutting force and cutting temperature of the tool when cutting
Ti-6 AL-4V. The results showed that when the width of the micro-texture was 40 um, the
edge distance was 80 um, the spacing was 70 pm, the depth was 20 um, and the cutting
temperature of the tool was the lowest [20].

There are also some scholars that have conducted relevant research on the distribution
mode of micro-textures. D et al. simulated the cutting process of cutting Ti-6Al-4V with
micro-textured WC/Co tools by using DEFORM 3D finite element simulation with SAE
40 as a semi-solid lubricant, and studied the influence law of cutting Ti-6Al-4V with
micro-textured tools. Finally, combined with the turning experiment, it was found that
the cutting temperature of micro-textured tools decreased to different degrees during the
cutting process. This effect was more apparent when cutting with micro-textured tools
of the vertical shape [21]. Wang et al. simulated the cutting of medium carbon steel AISI
1045 with micro-textured tools. It was found that the cooling effect of the lateral micro-
textured tool was more apparent compared with non-textured tools, and it showed good
chip fragility in the process of cutting [22].

To conclude, reasonable shapes, structures, and arrangements of micro-textures on
the surface of the tool can reduce the cutting temperature in the actual cutting process.
However, for research on the cutting performance of micro-textured tools, the cooling
effect of micro-textured tools with different morphologies and size parameters is also
different when cutting different materials. At present, most research on cutting materials
is focused on titanium alloy, with only a small number of pure iron and medium carbon
steel. There is little research on the cutting of GH4169 using micro-structured tools in spray
cooling conditions, and there is even less research on the influence of the morphology, size
parameters, and arrangement of micro-structured tools on the cutting temperature when
cutting GH4169.

Based on the above problems, the cutting temperature of GH4169 with micro-textured
tools of different morphologies and size parameters was studied by a combination of simu-
lations and experiments in spray cooling. Firstly, five types of micro-textures with different
morphologies were designed on the rake face of the tools. The simulation models of the
micro-textured tools cutting GH4169 were established and simulated in ABAQUS, and the
morphology of the micro-texture with the lowest cutting temperature was selected. Sec-
ondly, based on the optimal micro-texture morphology, an orthogonal simulation scheme
for micro-texture size parameters was designed, and a cutting simulation was conducted to
analyze and select the combination of micro-texture size parameters with the lowest cutting
temperature. Finally, the micro-textured tools were processed using a femtosecond laser,
and cutting experiments were conducted in spray cooling, which verified the previous
simulation analysis results and ultimately obtained the influence of the micro-texture pa-
rameters on the cutting temperature. These studies will provide guidance for the efficient
machining of GH4169 and the design and application of micro-textured tools.

2. Finite Element Modeling of Micro-Textured Tool for Cutting GH4169
2.1. The Establishment of Geometric Models

In the process of cutting, the cutting heat is mainly focused on the tool nose. In this
study, only the part of the carbide tool that was in contact with the chips was established to
simplify the geometric model of the tool. To ensure that the processing of micro-textures
was not affected by grooves, a flat insert was selected. Then, a matching shank was selected.
The insert was installed on the shank, with a rake angle of —5° and a clearance angle of 5°
in cutting, so the tool rake angle was set as —5° and the tool clearance angle was set as 5°
in this study. The parameters related to the YG8 tool are shown in Table 1.
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Table 1. Material properties of cutting tools.
. , Linear e Thermal
Tool Material 1()7?;1;37 Young( él\/:))dulus Poisson’s Ratio Expansivity S%;;ﬁﬁfogfat Conductivity
B P (m/m°C) 5 (W/m2 K)
Carbide 14.6 640 0.22 45x 1077 220 75.4

Due to the severe friction, high temperatures were generated on the rake face and
flank face of the tools when cutting GH4169. In order to study the influence of the existence
of micro-textures on the cutting temperature distribution of the tool and the temperature
variation in the contact area between the tool and the chips, the micro-texture distribution
was set in the range of 500 pm from the tool nose in this paper. The area occupancy of
the micro-texture was 20%, and the depth was 20 pm. Based on the flow characteristics of
the chips during cutting, five types of morphologies of micro-textures were designed, as
shown in Figure 1. T1, a micro-pit textured tool, has micro-pits arranged in a circular arc
shape on the rake surface near the tool nose, similar to the surface microstructure of a dung
beetle shell; T2, a micro-pyramid textured tool, has micro-grooves on the rake face near
the tool nose, similar to the rib-like texture of a shark’s skin; T3, a micro-groove-parallel
textured tool, has linear micro-grooves that are approximately parallel to the arc of the
tool nose, similar to the surface groove structure of clam shells; T4, a micro-groove-vertical
textured tool, has a micro-groove structure that is approximately perpendicular to the arc
of the tool nose, similar to the surface groove structure of a clam shell rotated 90°; T5,
a micro-elliptical textured tool, has circular grooves on the rake face near the tool nose,
similar to the microstructure of pangolin scales.

The size parameters of the micro-texture shapes are shown in Table 2, namely: the
distance from the micro-pits (micro-groove) to the tool nose arc (edge distance A), the dis-
tance between the micro-pits (micro-groove) (spacing B), and other dimensions (diameter,
long/short axis, length /width) (parameter C). The micro-texture shapes designed in this
section are shown in Figure 1.

Table 2. Micro-texture size parameters of different morphologies.

Tool Number Alum B/um C(c1,c2,C1, C2)/um
T1 120 90 40
T2 120 70 80, 40
T3 120 70 50, 450
T4 120 70 450, 50
T5 120 30 120, 240, 300, 600

2.2. Material Constitutive Model

In response to the high-thermoplastic, creep, thermal stability, and stress-strengthening
characteristics of GH4169, this paper adopts the Johnson—-Cook material constitutive model,
whose mathematical expression is as follows [23]:

o = [A+ Be"] {1 + cmfo} {1 - (%;‘_TT)T )

where A is the yield strength (Mpa) of the material; B is the hardening modulus (Mpa) of
the material; C is the strain rate strength coefficient; M is the thermal softening coefficient;
N is the strain-strengthening coefficient; ¢ is equivalent plastic strain; ¢ is the equivalent

plastic strain rate; g9 is the quasi-static strain rate; T, is the melting point temperature of the
material; and Tp is the ambient temperature. Meanwhile, the plastic parameters A, B, n, c,
and m of the material can be obtained from the SHPB split Hopkinson bar experiment and
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quasi-static experiment of smooth specimens, and the equivalent strain rate can be obtained
by fitting the average values of the compression bar, tension, and torsion experiments.
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Figure 1. Schematic diagram of micro-texture shapes and parameters: (a) micro-pit; (b) micro-
pyramids; (c) micro-groove-parallel; (d) micro-groove-vertical; (e) micro-elliptical.

Johnson-Cook constitutive model parameters of GH4169 are shown in Table 3.

Materials A/Mpa B/Mpa m c n Tm/°C
GH4169 860 683 1 0.01 0.47 1260

Johnson—Cook shear failure criterion was adopted as the failure criterion. The values of
parameters defined in the Johnson-Cook dynamic failure model are shown in Table 4 [24].

Table 4. ]-C failure parameters of GH4169.

Failure Criterion dq dy ds dy ds
Value 0.11 0.75 —1.45 0.04 0.89




Appl. Sci. 2023,13, 6832

6 of 16

2.3. Mesh

The meshing method used in this paper was a combination of free mesh and sweeping
mesh, and the linear reduced integral element was selected as the solid element(C3D8R) [25].
To ensure accuracy, reduce the number of dividing units, and meet the mesh density and
unit type, the micro-texture structure was divided into N regions. The unit type was
the temperature—displacement coupling. Hexahedral units (Hex), which can ensure the
accuracy of the model, stability of the model, and computational efficiency and are easy
to generate and process, were used for dividing, and the neutral axis algorithm, which is
easier to obtain a regular shape mesh, was selected. The mesh is shown in Figure 2.

Micro-parallel
texture

Workpiece

(b)

Figure 2. Meshing of the cutting model: (a) meshing (two-dimensional cutting model); (b) meshing
(three-dimensional cutting model).

2.4. Setting Coefficient of Heat Transfer

The experiment was carried out in spray cooling. In order to consider the effect of spray
cooling, the coefficient of heat transfer was introduced in the simulation model.Combining
with ANSYS, DEFORM, and previous research, the range of heat transfer coefficient h
was 24002700 (W /m?-K) when cutting GH4169 in a constant spray pressure and the flow
rate [26].

3. Simulation Analysis of Cutting Temperature for Micro-Textured Tools with
Different Morphologies

According to the previous experiment for GH4169, in order to minimize the cutting
force, the cutting parameters set in the cutting simulation model were as follows: the cutting
speed v was 50 m/min, the feed rate f was 0.2 mm/r, the cutting depth 4, was 0.2 mm,
and the environmental temperature was set as 25 °C. Under the set cutting parameters, the
cutting simulation of GH4169 using micro-textured tools with different morphologies was
carried out.

Figure 3 shows the distribution of temperature of the tool and workpiece in the turning
process under the same working conditions. It was easily found that the high-temperature
area is concentrated in the contact area of the tool-chip and diffuses step by step from the
tool nose. It can be seen from the tool nose that the temperature of tool T3 is significantly
lower than that of the non-textured tool, and it may have also formed C-shaped chips
earlier. In other words, the micro-textured tool with a parallel groove to the tool nose can
increase the unit curl degree of chips, and the effect of the chips breaking should be better.

TEMP
(Ave: 75%)

TEMP
(Ave: 75%)
+1.483e+02

+2.495e-+01

+1.296e+01

(a) (b)

Figure 3. Temperature field of tool and workpiece: (a) micro-pit tool; (b) non-textured tool.
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Figure 4 shows that when the cutting temperature was stable, the temperature field
distribution of the rake face of the five micro-textured tools was extracted by the post-
processing of ABAQUS. The maximum temperature of the tool was concentrated in the
local deformation area near the tool nose because this area was where plastic deformation
and tool—chip friction were relatively concentrated. As the cutting temperature accumulates
with the plastic deformation and friction of the workpiece, the temperature center shifts
from the tool nose to the micro-texture. Through the comparative analysis, the micro-
texture has a significant impact on the cutting temperature of the tool. Therefore, it could be
seen that the maximum temperature of the non-textured tool is concentrated within 0.4 mm
from the tool nose during the stable cutting; the maximum temperature reached 148 °C; the
maximum cutting temperature of the micro-groove-parallel textured tool was 125.9 °C; and
this temperature is the lowest among these cutting tools. Compared with the non-textured
tool TO, the temperature of the tool T1 was reduced by 10.1%, while the temperatures of the
tools T2, T3, T4, and T5 decreased by 12.2%, 14.9%, 6.8%, and 11.5%, respectively. Through
the above analysis, it could be found that the reason for this may be that the micro-texture
of the T3 tool is perpendicular to the direction of chip outflow, which reduces the length of
tool-chip contact and friction and results in a decrease in cutting temperature.

TEMP TEMP
(Ave: 75%) (Ave: 75%)
+1.483e+02 +1.328e+02
+1.307e+02 +1‘§§3§+8§
+1.211e+02 110210102
+1.115e+02 +9.216e+01
+1.019a+02 +8.226e+01
+9.224e+01 +7:236€.+01
+8.263e+01 +6.246e+01
+7.302e+01 +5.256e+01
+6.340e+01 +4.266e+01
+5.379e+01 +3.276e+01
+4.418e+01 +2.286e+01
+3.457e+01 +1.296e+01
+2.495e+01
(b)
TEMP TEMP
(Ave: 75%) (Ave: 75%)
+1.307e+02 +1.259e+02
+1.219e+02 +1.175e+02
+1.131e+02 +1.091e+02
+1.042e+02 +1.007e+02
+9.543e+01 49.226e+01
+8.662e+01 +8.385e+01
+7.781e+01 +7.544e+01
+6.900e+01 +6.704e+01
+6.019e+01 +5.863e+01
+5.138e+01 +5.022e+01
+4.257e+01 +4.181e+01
+3.376e+01 +3.341e+01
+2.495e+01 42.500e+01
(d)
TEMP TEMP
{Ave: 75%) (Ave: 75%)
+1.375e+02 +1.310e+02
+1.244e+02 +1.211e+02
+1.142e+02 +1.113e+02
+1.041e+02 +1.015e+02
+9.398e+01 +9.162e+01
+8.385e+01 +8.179e+01
+7.373e+01 +7.195e+01
+6.360e+01 +6.212e+01
+5.347e401 +5.22%+01
+4.334e+01 +4.245¢+01
133226401 +3.262e+01
+2.278e+01
+2.309e+01 11565a101
+1.296e+01 !
(e) (f)

Figure 4. Distribution diagram of tool temperature field in the stable stage of the cutting temperature:
(a) non-textured tool TO; (b) micro-pit texture tool T1; (¢) micro-pyramids textured tool T2; (d) micro-
groove-parallel textured tool T3; (e) micro-groove-vertical textured tool T4; and (f) micro-elliptical
textured tool T5.
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Figure 5 shows the changing curves of the temperatures of the tool nose when the
analysis steps were 10, 20, 30, and 40 for the non-textured tool and the five micro-textured
tools with different morphologies. In a complete analysis step of cutting, the cutting
temperature of the tool nose tended to be stable after rising, and the temperature of the non-
textured tool increased instantaneously after contacting the workpiece. With the increase
in the analysis step, the curvature changed, and the rate slowed down between 25-40 steps;
however, the heating speed was still faster than that of the micro-textured tool. The heating
curves of the T1, T2, and T5 tools were roughly the same. Because of the small cutting
parameters, the cutting area of the micro-texture placed on the rake face was roughly the
same, the temperature change was not obvious, and the rising rate of the temperature was
roughly distributed as TO > T4 > T5 > T1 > T2 > T3. In step 40, it could be seen that the
temperature did not increase or decrease linearly but oscillated around a stable value.

160+ —o— T0
—o—T1
140 ——T2
—o— T3
T4
~120
9 TS5
5
2100+
g
E 80-
=
o0
=]
S 601
=
@}
401
201

0 5 10 15 20 25 30 35 40 45
Analysis Step(Step)

Figure 5. Temperature under different simulation analysis steps.

The overall local temperatures of the micro-textured tool were lower than those of
the non-textured tool. The reason for the decrease in the temperature could be analyzed
from the chip shape and the friction reduction mechanism of the micro-texture. On the
one hand, the reduction in temperature was due to the increase in the unit chip curl rate,
which was caused by the micro-textured tool. Compared with the non-textured tool, the
chip was separated from the rake face of the tool earlier, which reduced the contact area of
the friction pair. On the other hand, in the close contact area of the chips, the micro-texture
made the chips form vacuum contact in their existing area, which was also an important
factor in reducing the cutting temperature of the micro-textured tool. Being involved in
the complexity of material failure and friction conditions in the actual cutting process, the
simulation results were acceptable.

According to the cutting principle, the formation of the cutting heat was positively
correlated with the contact length between the tool and chips, and the micro-grooves
of tool T3 played two important roles in the formation of the chip. Firstly, continuous
chips were divided into short segments, and the close contact only occurred at the peak
of the micro-groove. Secondly, the micro-groove acted on the initial position of the chips
flowing across the surface, making the micro-groove reduce the cutting heat caused by chip
flow. Due to the small cutting parameters, the chips would immediately curl after flowing
through the first deformation area of the micro-groove. When placed in parallel, the width
of the micro-groove was small, and thus the contact area was smaller, which may be the
reason why the micro-grooves parallel to the tool nose have better cooling performance.
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4. Simulation Analysis of Cutting Temperature for Micro-Groove-Parallel Texture with
Different Parameters

From the results of the simulation of different micro-texture morphologies above, the
cooling effect of tool T3 was the most obvious. To further study the performance of tool T3
with different size parameters and select the micro-texture size parameters with the lowest
cutting temperature, an orthogonal simulation scheme for the size parameters of tool T3
was designed and analyzed through simulation. The groove parameters of tool T3 were
as follows: edge distance A, spacing B, width C1, and length C2 (meaning of parameters
shown in Figure 1). During the simulation, the cutting parameters were set as follows:
cutting speed v was 50 m/min, cutting depth a, was 0.2 mm, and feed rate f was 0.2 mm/r.
The simulation scheme of the relevant size parameters and tool nose temperature are shown
in Table 5.

Table 5. Orthogonal simulation scheme of the tool T3.

Number Alum B/um C1/pm C2/um Cutting Temperature/°C
1 50 60 20 300 130
2 80 80 30 300 134
3 110 100 40 300 131
4 140 120 50 300 128
5 80 100 20 350 138
6 50 120 30 350 138
7 140 60 40 350 142
8 110 80 50 350 135
9 110 120 20 400 133

10 50 100 30 400 129
11 140 80 40 400 133
12 80 60 50 400 132
13 140 80 20 450 135
14 110 60 30 450 143
15 80 120 40 450 141
16 50 100 50 450 141

From Table 5, tool NO.4 has the lowest temperature and, therefore, the best cooling
effect. Its size parameters are as follows: A is 140 um, B is 120 um, C1 is 50 pm, and C2 is
300 pm.

5. Turning Experiment

In this section, the micro-textured tools were used to cut GH4169 in spray cooling to
verify the accuracy of the simulation of ABAQUS.

In the experiment, the CKA6140 machine tool was used for cutting, and the cutting
material was a GH4169 bar with a size of $120 x 300 mm. The designed carbide micro-
texture tools (micro-texture was processed on the rake face of inset CNMA120408-KR-3225
produced by Sandvik, coated with CVD TiCN+AI203+TiN) were used, the temperature-
measuring equipment adopts artificial thermocouple method, standard thermocouple
(WPNK-191) was used, and the cooling mode was spray cooling. The model of the com-
posite spray cooling equipment is OoW129S. A specific cutting fluid was prepared for
the experiment. The cutting fluid was added to the cutting fluid tank of OoW129S. The
cutting fluid was vaporized under high pressure produced by an extra-linked air pump
and sprayed into the cutting area, which cooled the cutting area. The nozzle flow rate
of the spray device is 3.16 L/h, and the inlet pressure is 0.2 Mpa. In the experiment, the
micro-textured tools listed in Table 2 were processed using a femtosecond laser, and the
tool nose was partially enlarged, as shown in Figure 6.
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Figure 6. Enlarged views of micro-texture shapes of five tool noses.

5.1. Actual Temperature of the Cutting Area
5.1.1. Temperature Measuring Method and Processing Method

The measurement methods of temperature in the turning process are usually divided
into contact and non-contact measurement methods. The specific measurement methods
include the thermocouple method [27], infrared thermal imager method [28], radiation
pyrometer method [29], and enhanced CCD method [30], in which thermocouple also
includes artificial, semi-artificial, and natural thermocouple.

Since the cutting in this paper was carried out in spray cooling, and spray would cause
the interference of the infrared ray and lead to inaccurate temperature measurement, the
natural thermocouple method was used in this experiment to measure temperature.

Considering the influence of the strength of the micro-textured tool, the electric dis-
charge machining [31] was used to drill the hole in the bottom side of the tool to measure
the temperature near the rake face of the tool. As shown in Figure 7a, the distance between
the thermocouple measuring area and the cutting area was 1 mm, and the diameter of the
hole was 0.5 mm. Standard thermocouples were inserted into the hole and maintained the
insulation between the thermocouples and the hole wall. In cutting, the thermocouples
felt the temperature of the measuring point, and the potential value was measured by
the instrument. Then, the temperature of the measuring point was obtained based on the
thermocouple calibration curve. In the experiment, the sensing wire of the thermocouple
can be directly inserted into the blind hole inside the tool and fixed by the resin coating.
Figure 7b shows the drilling position of the micro-textured tool.

rake face
thermocouple
temperature

ing point

0
3-01

() (b)

Figure 7. Position of the temperature measurement point: (a) hole of the thermocouple; (b) the hole
machined by EDM of the tool.

5.1.2. Derivation of Tool Nose Temperature

Because the thermocouple temperature measurement can only measure the temper-
ature at a certain point the certain distance from the rake face, in order to eliminate this
limitation of thermocouple temperature measurement, the inverse heat conduction method
was used to find out the relationship between the temperature measured by the thermocou-
ple and the actual temperature of the tool nose. The specific flow chart of the inverse heat
conduction method is shown in Figure 8.
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Thermocouple Establishment of finite
measures temperature element model of heat transfer

The function relation between
thermocouple measuring point and actual
cutting point temperature is obtained

~Verify | Simulated cutting
- temperature

A

\
| Actual cutting temperature |

Figure 8. Flow chart of heat conduction inverse method.

The heat transfer model was established in ANSYS. As shown in Figure 9, only the tool
nose and its adjacent area participated in the whole cutting process, and the cube of 0.7 mm
x 0.7 mm x 1 mm was divided at the tool nose. The upper surface of the cube was used as
the cutting area, the lower surface was used as the measurement area of the thermocouple,
and the temperature obtained in the cutting area was the cutting temperature.

Cutting Region

Thermocouple heat region

0000 3500 7000 (mm)
1750 6250

Figure 9. Heat-transfer model.

In the analysis of the heat-transfer process, the main step was the temperature transfer
of the small cube cut from the tool nose. Then, the meshes of the small cube part were
refined to improve the accuracy of the calculation. The properties of the carbide material
are shown in Table 6. After applying the cutting temperatures of 200 °C, 250 °C, 300 °C, and
350 °C in the cutting area, the temperatures in the thermocouple measurement area can be
obtained, respectively. Table 7 shows the comparison between the measured temperatures
of the thermocouple and the actual cutting temperatures.

Table 6. Properties of cemented carbide.

Materials Carbide
Thermal Conductivity (W/M-°C) 71
Density (Kg/m3) 15,600
Specific Heat(J/Kg-°C) 452

Table 7. Heat transfer results.

Number Tool Nose Temperature Y Measuring Temperature X
1 200 123.98
2 250 167.47
3 300 214.97
4 350 256.90
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The data in Table 7 were fitted by MATLAB, and the final equation of the relationship
between the actual temperature of the tool nose and the measured temperature is as follows:

Y = 0.00021873X> + 1.0366 X + 68.6841 2)

where X was the temperature of the measurement area of the thermocouple, and Y was the
temperature of the tool nose in the cutting area. Experiments showed that the temperature
measured by the thermocouple in dry cutting was 136 °C; substituting this into the above
formula, X obtained that Y was equal to 213.71 °C, which was the temperature of the tool
nose. Under the same cutting parameters, the cutting temperature of the simulation was
197 °C by using DEFORM. Compared with the results of DEFORM, the results obtained by
substituting the temperature measured by the thermocouple into the formula and the error
of the simulation results relative to the experimental results is 7.51%, which was within the
acceptable range. In conclusion, the fitted quadratic function is more accurate.

5.2. Cutting Experiments with Different Micro-Texture Shapes

Figure 10 shows the machining site of the micro-textured tools when cutting GH4169
in spray cooling. The morphologies and size parameters of the micro-textured tools used
in the experiments were consistent with those in the simulation.

Figure 10. Experimental setup of cutting GH4169 in spray cooling.

As shown in Figure 11, the actual temperature curves of the tool noses were obtained
when cutting GH4169 under the conditions of cutting parameters that v was 50 m/min,
f was 0.2 mm/r, and 4, was 0.2 mm. It can be seen from the curves that the cutting
temperatures of the five micro-textured tools were lower than that of the non-textured
tool, and the cooling effects of different micro-textured tools were different for the five
micro-textured tools. At the beginning of the cutting, the temperature rose rapidly, and
the temperature curves in the later period showed a trend of smooth rising. Among them,
the highest cutting temperatures of T0, T1, T2, T3, T4, and T5 were 82 °C, 68 °C, 75 °C,
63 °C, 65 °C, and 69 °C, respectively. Compared with the non-textured tool, the cooling
rates of the micro-textured tools were 17%, 9%, 23%, 21%, and 15%, respectively. The
micro-textured tool T3 had the best cooling effect.
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Figure 11. Temperature of tool noses with different shapes at different time points.

5.3. Cutting Experiment of Micro-Groove-Parallel Texture Tools with Different Size Parameters

In order to verify the accuracy of the simulation model of cutting GH4169 with the
micro-textured tools designed in Table 5 and to explore the influence of the parameters A, B,
C1, and C2 of the micro-texture of tool T3 on the cutting temperature, the tools designed in
Table 5 were processed, and several tool noses were locally enlarged, as shown in Figure 12.
The cutting experiments on GH4169 were carried out using these tools, with the same

cutting parameters as the simulation; that is, v was 50 m/min, f was 0.2 mm/r, and a, was
0.2 mm.

Figure 12. Micro-groove-parallel textured tools with different size parameters.

Figure 13 shows the tool nose temperature measurement of the T3 tool under the
different micro-texture size parameters. From Figure 13, it can be seen that under the
condition of spray cooling, the cutting temperature of tool No. 4 is the lowest, with a value
of 56 °C. The size parameter A of tool No. 4 is 140 pm, and B is 120 um. C1 is 50 um, and
C2is 300 pm. The results are consistent with the optimization of simulation data, proving
the accuracy of the simulation model. It was also proven that the optimal size parameter
combination of the groove which parallels the tool nose of the micro-textured tools is as
follows: the distance from the groove to the tool nose is 140 pum, the space between grooves
is 120 um, the width of the groove is 50 um, and the length of the groove is 300 pm.
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Figure 13. Temperature of tool nose with different size parameters of micro-groove-parallel tex-
tured tools.

In cutting GH4169, micro-textured tools can reduce cutting temperature. The best
cooling morphology is T3. Firstly, in reference [16], when cutting AISI 1045, compared with
the non-textured tools, the cutting temperature of the micro-textured tools was reduced
by 21.7%, while the cutting temperature of tool T3 (linear groove parallel to the tool nose)
in cutting GH4169 was reduced by 23% in this paper. Secondly, in reference [20], when
cutting Al7076-T6, the parameters of micro-grooves are 80 pm, 110 pm, and 10 pum, while
the optimal parameters A, B, and C1, in this paper for T3 cutting GHH4169, are 140 um,
120 um, and 50 pum, respectively. Finally, the same cutting parameters were adopted in both
the simulation and experiment of this paper, and further research can be conducted on the
optimal match between micro-textures and cutting parameters.

6. Conclusions

This paper studied the cutting temperature of micro-textured tools when cutting
GH4169 in spray cooling. The research was conducted in finite element simulations
and experiments. The influence of micro-textures with different morphologies and size
parameters on the cutting temperature was revealed. The optimized morphology and size
parameters of micro-textures were obtained. The following conclusions were drawn:

(1) Compared with non-textured tools, the use of micro-textured tools in cutting reduced
both the average cutting temperature and the temperature at the tool nose. This
results from two factors. On the one hand, the micro-textured tools increase the curl
rate of the unit chip, which leads to an earlier separation of the chip from the rake
face of the tool, thus reducing the contact area of the friction pair and lowering the
cutting temperature. On the other hand, in the area where the chips are in close
contact with the rake face, the micro-texture forms a vacuum contact, and it also
means the existence of the vacuum contact becomes an important factor in cutting
temperature reduction;

(2) Furthermore, the morphology of micro-textures has an effect on temperature reduction.
Among the five designed morphologies, the comprehensive cooling performance
of T3 (linear groove parallel to the tool nose) is significantly superior to the other
morphologies. Compared with the non-textured tools, the temperature reduction in
T3 is 23%, and those of T1, T2, T4, and T5 are 17%, 9%, 21%, and 15%, respectively;

(3) In addition, the size parameters of micro-textures have an effect on temperature
reduction as well. Among the 14 combinations of dimensional parameters designed
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for T3, the best combination with the lowest cutting temperature is as follows: A is
140 um, B is 120 um, C1 is 50 um, and C2 is 300 um;

(4) Experiments were conducted in the same working conditions as the simulation. Since
the experimental results conformed to those of the simulation analysis, it can verify
the accuracy and reliability of the simulation model.
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