
Vol.:(0123456789)1 3

The International Journal of Advanced Manufacturing Technology 
https://doi.org/10.1007/s00170-021-08353-z

ORIGINAL ARTICLE

Study on cutting performance of SiCp/Al composite using textured 
YG8 carbide tool

Xu Wang1,2 · Valentin L. Popov1,2 · Zhanjiang Yu1 · Yiquan Li1 · Jinkai Xu1 · Huadong Yu1

Received: 17 June 2021 / Accepted: 5 November 2021 
© The Author(s) 2021

Abstract
Precision machining of SiCp/Al composites is a challenge due to the existence of reinforcement phase in this material. This 
work focuses on the study of the textured tools’ cutting performance on SiCp/Al composite, as well as the comparison with 
non-textured tools. The results show that the micro-pit textured tool can reduce the cutting force by 5–13% and cutting length 
by 9–39%. Compared with non-textured tools, the cutting stability of the micro-pit textured tools is better. It is found that the 
surface roughness is the smallest (0.4 μm) when the texture spacing is 100 μm, and the residual stress can be minimized to 
around 15 MPa in the case of texture spacing 80 μm. In addition, the SiC particles with size of around 2–12 μm in the SiCp/
Al composite may play a supporting role between the texture and the chips, which results in three-body friction, thereby 
reducing tool wear, sticking, and secondary cutting phenomenon. At the same time, some SiC particles enter into the micro-
pit texture, so that the number of residual particles on the surface is reduced and the friction between the tool and the surface 
then decreases, which improves the surface roughness, and reduces the surface residual stress.
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1  Introduction

The SiCp/Al composite material is mainly composed of 
aluminum alloy as the matrix and SiC particles as the rein-
forcing phase. Due to its special physical properties, includ-
ing high hardness, low thermal expansion coefficient, high 
thermal conductivity, and high wear resistance, it has been 
widely used in aerospace, automotive, electronics, medical,  
optical instruments, and other fields  [1–6]. The cutting pro-
cess of SiCp/Al composite is quite complicated. Due to the 
large elastoplasticity of the aluminum matrix and the high 
hardness of SiC particles, the tool is very quickly worn. Liu  
et al.  [7] studied the influence of the position of the tool and 
the SiC particles on the cutting performance in the process-
ing of SiCp/Al composites, and found that when the tool was 

located at a lower position in the middle of the SiC parti-
cles, the stress turned to greater, which can cause the entire 
SiC particles to break. Niu and Cheng [8] conducted milling 
experiments on SiCp/Al composites. During the machining 
process, although the plastic deformation of the aluminum 
matrix can fill part of the pits caused by the SiC particles on 
the surface of the workpiece, there are still some defects on 
the surface. For a better application of the SiCp/Al compos-
ite under a harsh working condition, it is important to study 
on its machining method  [9].

A large number of experiments and theoretical explora-
tions on the cutting performance of micro-textured tools 
and the lubrication performance of the surface have been 
conducted. Liu et al.  [10] produced different textures on 
the flank face of cemented carbide tools, and further studied 
the wear resistance and machining surface quality of micro-
textured tools. They found that the flank face of the tool 
with textures is more excellent in terms of the wear resist-
ance and surface machining quality. The parameters with 
good cutting performance are as follows: the groove width 
is 75 μm, the groove spacing is 100 μm, and the distance 
between the groove and the main cutting edge is 75 μm. 
Zhang et al.  [11] prepared a sinusoidal groove micro-texture 
on the surface of cemented carbide using laser technology. 
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They performed a linear reciprocating friction and wear test 
on the textured surface. The results showed that the surface 
of the sinusoidal micro-textured sample had the best wear 
resistance under the conditions of high load, high sliding 
speed under the condition of adding grease. Wu et al.  [12] 
simulated the cutting process of micro-textured tool cutting 
Ti-6Al-4 V alloy using the finite element method, and car-
ried out experimental verification. The results showed that 
micro-textured tools can reduce cutting temperature, cut-
ting force, and tool-chip contact length. And it is easier to 
break the chips with the micro-textured tool. In addition, 
compared with the rectangular cross-section groove, the 
V-shaped cross-section groove can reduce the severity of 
secondary cutting.

In addition, Zheng et al. studied the cutting performance 
of micro-textured tools for cutting Ti-6Al-4 V titanium 
alloy  [13]. They selected YG8 tools and studied the cut-
ting performance with four types of textured tools, namely, 
non-textured tools, line textured tools, sinusoidal textured 
tools, and rhombic textured tools. Among them, the groove 
width of the micro-textured tool is 159.599 μm and the 
groove depth is 14.59 μm. It was found that the sinusoidal 
textured tool has the best cutting effect under different cut-
ting parameters. It can reduce the cutting force and surface 
roughness, and extend the tool life. Feng et al.  [14, 15] 
conducted cutting experiments on AISI 1045 steel based 
on micro-textured tools with transverse micro-texture mor-
phology. The texture structure is as follows: 0.2 mm from 
the main cutting edge, 0.1 mm spacing, 0.1 mm width, and 
0.1 mm depth. By designing positions, spacings, and widths 
of textures, the tool was finally obtained the best cutting 
performance. They found that the secondary cutting phe-
nomenon is not obvious with the increasing groove width. 
The width of the groove and the cutting speed are the key 
factors that affect the secondary cutting during the machin-
ing. The measurement of cutting force, cutting tempera-
ture, workpiece surface roughness, and tool wear showed  
that compared with traditional tools, textured tools reduced 
cutting force, cutting temperature, tool wear significantly, 
and improved workpiece roughness. Vasumathy and Meena 
[16] studied the friction and adhesion of the tool-chip inter-
face of AISI316 austenitic stainless steel during the machin-
ing. They found that the micro-textured tool can reduce the 
adhesion of the tool-chip, cutting force, and minimize the 
friction between the tool-chip interface. In order to study 
the effect of surface texture on Si3N4/TiC ceramics, Xing 
et al.  [17, 18] prepared regularly arranged micro-grooves 
on the surface of Si3N4/TiC ceramics using a laser. It was 
showed that compared with the smooth surface, the textured 
surface can reduce the friction coefficient and improve the 
wear resistance of the material. And the tribological prop-
erties depend on the size and spacing of the micro grooves 
largely. To improve the friction and anti-adhesion of the 

tool rake face in the dry cutting of aluminum alloy, three 
textures on the cemented carbide rake face were created. 
It was found that the texture geometry has the greatest 
influence on the cutting force and friction coefficient in the 
cutting performance. Parida et al.  [19] evaluated the cut-
ting performance of Ti-6Al-4 V alloy micro-textured tools 
experimentally and numerically. The results showed that the 
contact length, friction coefficient, cutting force, and tool 
temperature distribution of the chip and the micro-textured 
tool were significantly reduced, compared with the flat 
tool. The cutting force, chip reduction coefficient, and chip 
morphology in the square result were consistented with the 
experimental results well. Sivaiah et al. [20] conducted a 
study on the cutting performance of the hybrid-textured tool 
and found that the friction between the textured tool and the 
chip was significantly reduced under wet cutting conditions, 
and the machined surface roughness was quite small. Elias 
et al. [21] proposed a new method to make texture on the 
cutting tools using vickers microhardness indenter.

Traditional cutting tools would produce large cutting 
forces and strong tool wear during machining  [22, 23]. 
There are very few studies on the machining of SiCp/Al 
composite using textured tools. In this work, the machin-
ing experiments of SiCp/Al composite will be performed to 
investigate the cutting performance of SiCp/Al composite 
with comparison to that of the non-textured tool. By prepar-
ing very small pits (about 5 μm in diameter and 30 μm in 
depth), the cutting performance of the tool and the surface 
quality of the workpiece will be studied. The influence of 
spacing on the cutting performance of micro-pit array tex-
tured tool will be investigated. The secondary cutting phe-
nomenon will be observed, and the surface properties of the 
workpiece will be analyzed during the machining of SiCp/
Al composite to obtain the optimal texture parameters of 
the tool.

2 � Materials and methods

The surface of the SiCp/Al composite after grinding and 
polishing is shown in Fig. 1. It can be seen that the SiCp/Al 
composite is composed of an aluminum matrix and SiC par-
ticles. Due to the greater plasticity of the aluminum matrix 
and the high hardness of SiC particles, the aluminum matrix 
is removed during the polishing process, and the silicon car-
bide particles are exposed on the surface of the material. 
By measuring the SiC particles by the SEM, it is found that 
the size of the smallest SiC particles is about 2 μm, and the 
large SiC particles can reach about 12 μm. Moreover, some 
particles are pulled out and broken during the machining, 
which might interact with the textured tool and makes the 
micro-textured tool cutting process more complicated. This 
is completely different from the cutting of traditional metal 
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materials. The high hardness of SiC particles makes the tool 
wear very quickly and strong during the machining. The 
micro-textured tools cutting SiCp/Al composite is studied 
in the following.

The micro-cutting experiment setup was developed which 
can be used to perform orthogonal cutting experiment, as 
shown in Fig. 2a. Figure 2b gives a schematic diagram of the 
cutting process. The overall size of the orthogonal cutting 
table is 300 × 400 × 300 mm, and size of the X and Y slide 
table is 70 × 110 mm. The stroke of slid table is 50 mm, and its 
positioning accuracy is 2 μm, the repeated positioning accu-
racy is 0.5 μm, and the maximum feed speed is 400 mm/s. 
The size of the Z-direction lifting slide is 120 × 120 mm, the 
maximum ascent stroke is 12 mm, the repeated positioning 
accuracy is 0.5 μm, and the bearing capacity is 20 kg. The 
cutting force is measured by the Kistler cutting force measur-
ing instrument.

In the experiment, the uncoated cemented carbide tool 
(NTK-KM1CCGW060202H) was used for machining. The 
rake angle is 7°, the flank angle is 3°, and a cutting-edge 
radius is 2 μm. Nanosecond pulsed fiber laser is used to 
manufacture the micro-pit texture on the rake face near the 
main cutting edge. The laser wavelength is 1.064 μm, the 
maximum output power is 20 W, and the pulse frequency 
is 20–200 kHz.

The textured pits are as shown in Fig. 3. The pits are 
regularly distributed on the rake surface with different 
spacings. In this work, five values of pits spacing are 
investigated as follows: 100 μm, 80 μm, 60 μm, 40 μm, 
and 20 μm. The other parameters are as follows. The diam-
eter of the pit is around 5 μm (green circle in Fig. 3a); the 
depth is around 30 μm (Fig. 3b). The distance between the 

texture and the cutting edge is around 20 μm (Fig. 3c). The 
workpiece size is 10 × 10 × 1 mm (cutting width 1 mm), 
the cutting speed is set constant with 400 mm/s, the cut-
ting depth is around 30 μm, and the cutting repeats 10 
times. Table 1 numbers the textured tools with different 
pit spacing and the workpieces processed by different tex-
tured tools.

3 � Results and discussion

Based on the experimental results, the wear of tool, contact 
length, secondary cutting, cutting force, and surface quality 
of workpieces were analyzed.

The surface of the tools was observed and inspected using 
a scanning electron microscope (SEM) after 10 cuttings. 
Figure 4a shows the surface of non-textured tool (T-1) after 
10 cuttings, and Fig. 4b–f that of micro-textured tools with 
different spacing from 100 to 20 μm. It can be evaluated that 
the wear of tools and tool-chip adhesion are very serious 
during machining SiCp/Al composite material. Among these 
six tools, the non-textured tool is worn most near the tool 
edge. Moreover, the amount of chip sticking on the surface 
of the non-textured tool is also the largest. It can be clearly 
seen from Fig. 4b–f that the micro-textured tool reduces not 
only tool wear during machining, but also the adhesion of 
tool surface effectively. The reduction of tool wear can be 
mainly attributed to the pit array which decreases the con-
tact area and state between the tool and chip during the cut-
ting process, thereby reduces the friction as well as the tool 
wear. The decrease in surface adhesion of the tool may be 
due to the effect of pits and SiC particles on chips during 

Fig. 1   Image of SiCp/Al com-
posite structure after grinding 
and polishing under the SEM

Table 1   Numbers of tools and 
workpieces

Tool number T-1 T-2 T-3 T-4 T-5 T-6

Texture spacing Non-textured 100 μm 80 μm 60 μm 40 μm 20 μm
Workpiece number W-1 W-2 W-3 W-4 W-5 W-6



	 The International Journal of Advanced Manufacturing Technology

1 3

the cutting process. Observing Fig. 4e, it can be seen that 
the surface of the tool with a pit spacing of 40 μm has very 
small amount of adhesion, and there is no adhesion around 
the micro-pit at the edge of the tool. Although some pits 
are blocked, the micro-pit array still plays an important role 
in reducing the adhesion condition of the cutting tool and 
chips.

Another reason for the reduction of tool surface adhe-
sion may be due to the fact that some SiC particles play 
a supporting role between the tool and the chips, thereby 
reducing the direct contact between the tool and the chips. 
The adhesion phenomenon on the surface of the textured 
tool has been reduced in different ways, and the T-5 tool is 
the most obvious. When the texture spacing increases from 
40 to 100 μm, the anti-adhesion of the tool decreases. The 
main reason is that the texture area is reduced for large tex-
ture spacing; therefore, there is less texture interacting with 
chips. In the case of the texture spacing 20 μm, the texture 
is too dense, which leads to an increase in the concentrated 
stress on the surface of the chip, as well as an increase in the 
surface adhesion of the textured tool.

For that, the energy spectrum analysis of the sticking area 
on the surface of the micro-textured tool was carried out. 
As shown in Fig. 5, in addition to the elements of the tool 
material, the selected elements and the remaining elements 
are Al and Si. From the distribution of Si, it seems that some 
of the smaller SiC particles enter into the pit or attach on the 
surface of the micro-textured tool during the cutting process, 

then the SiC particles interact with the chip, which reduces 
the direct contact between the chip and the tool, resulting 
in a decrease in the adhesion on the surface of the micro-
textured tool.

3.1 � Contact length

The tool-chip contact length of T-1 to T-6 tools during the 
cutting process is shown in Fig. 6. The distance between 
the position with the highest tool wear and the main cut-
ting edge is selected as the tool-chip contact length. It can 
be seen that the micro-textured tool can reduce the tool-
chip contact length compared to the non-textured tool. The 
contact length is reduced by 39%, 22%, 30%, 32%, and 9% 
for T-2 to T-6 tools, respectively. The results show that the 
contact length for T-2 to T-5 tools is reduced significantly, 
and for T-2 tool, it is the smallest. During the machining of 
non-textured tools, the chips will break when they reach a 
wear state. However, the secondary cutting accelerates the 
chip’s fracture. After the main cutting edge is machined, 
the micro-texture acts on the chip once again, which causes 
the breaking of chip before reaching the previous contact 
length. The texture changes the contact state of the bonding 
area. What actually changes is the curvature of the chips, 
which further affects the contact length between the chips. 
The main reason for the reduction in cutting length is that 
the texture will produce secondary cutting during the cut-
ting process.

Fig. 2   (a) Orthogonal cutting 
experiment table. (b) Schematic 
diagram of machining

Fig. 3   (a) Top view of micro-textured pit diameter. (b) Profile of pit depth. (c) Distance between the micro texture and the main cutting edge
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3.2 � Secondary cutting

Secondary cutting is a common phenomenon in the cutting 
process of micro-textured tools. Comparing the chip surface 
micro morphology of Fig. 7a–f, it can be found that the chip 
surface machined by the textured tool will have textures with 
equal spacing. Therefore, it can be explained that the sec-
ondary cutting phenomenon will also occur in the process of 
machining SiCp/Al composite. However, this phenomenon 
is not so obvious as for traditional metal. The main disadvan-
tage of secondary cutting is that the chips will be cut again 

and new chips will be generated, leading to reducing the 
effectiveness of the micro-texture. From Fig. 7b–f, it can be 
seen that with the decrease of the micro-texture spacing, the 
phenomenon of secondary cutting becomes more obvious, 
which shows that too small texture spacing will increase the 
interaction between texture and chips. From Fig. 7c, e, T-3 
and T-5 tools are more likely to break the chips during the 
cutting process, and then produce new chips. The second-
ary cutting phenomenon of T-2 and T-4 tools is not obvious 

Fig. 4   SEM images of surfaces of non-textured and micro-textured tools after ten cuttings: (a) non-textured tools, (b) micro-textured tools with a 
pit spacing of 100 μm, (c) 80 μm, (d) 60 μm, (e) 40 μm, and (f) 20 μm

Fig. 5   (a) Energy spectrum analysis of micro-textured tool surface 
distribution of elements on the surface of micro-textured tools’ edge. 
(b) Distribution of Al elements on the surface of micro-textured 
tools’ edge.  (c) Distribution of Si elements on the surface of micro-
textured tools’ edge

Fig. 6   Tool-chip contact length during the cutting process of non-
textured tool and micro-textured tool. Numbering 1–6 corresponds to 
Tool T-1 to T-6, respectively
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during the cutting process, and the chips are not easily bro-
ken. The most obvious secondary cutting phenomenon is in 
Fig. 7e, f. It is further explained that adjusting the texture 
spacing can achieve the required cutting effect.

Due to the particularity of the SiCp/Al composite, the 
secondary cutting process could be divided into two cases, 
as showed in Fig. 8. In the first case, the micro-texture pits 
are not blocked, so the micro-texture will directly interact 
with the chips during the cutting process. Then some of the 
pits will be blocked, which greatly reduces the effect of the 
pits. In the second case, some broken particles and parti-
cles remaining on the chip surface may interact with the 

tool surface or the pit texture. This reduces the tool surface 
adhesion and tool-chip contact length. Since the second case 
works differently from the first case, the reduction in contact 
length should be due to the simultaneous action of these two 
stages. However, due to the property of the material, the 
second stage could play a major role.

3.3 � Cutting force

Cutting force is the main factor affecting tool wear. In the 
experiment, the machining direction is set as the direction 
of main cutting force, and its values are averaged after 

Fig. 7   SEM images of chips generated during the cutting process of non-textured tools and micro-textured tools. Chips produced by (a) T-1 tool, 
(b) T-2 tool, (c) T-3 tool, (d) T-4 tool, (e) T-5 tool, and (f) T-6 tool

Fig. 8   Schematic diagram of 
secondary cutting of SiCp/Al 
composite with micro-textured 
tool. (a) Initial stage of second-
ary cutting. (b) Stable stage of 
secondary cutting
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ten times cuttings. The results are shown in Fig. 9. It is 
seen that T-2 to T-6 tools produce smaller cutting forces 
than T-1 tool. The micro-textured tool reduces the fric-
tion between the tool and the chip during the machining, 
thereby reducing the cutting force. With the decrease in 
the micro-texture spacing, the cutting force of the micro-
textured tool is reduced by 13%, 9%, 17%, 4%, and 5%, 
respectively. The cutting forces of T-5 and T-6 tools are 
not reduced significantly due to the secondary cutting 

during the cutting process. In the cutting process, for the 
T-3 tool, it is easy to break chips. Observing the chip mor-
phology produced by T-2 and T-4 tools, one can evaluate 
that these two micro-textured tools are more stable dur-
ing the cutting process, which will result in a significant 
reduction in cutting force. From the results of chip shape 
and cutting force, the texture spacing will influence the 
contact state of the sticking area, further reduce the cutting 
force. The SiC particle, pit, and chip may form a three-
body friction for the reducing cutting force.

3.4 � Workpiece surface test

Figure 10 presents the SEM images of the surface of the 
workpiece after cutting. It can be seen that the surfaces 
machined by the micro-textured tools are generally smooth 
and have a few cracks relatively (Fig. 10b, c, e, f). In the 
following, it will be shown that the residual SiC particles 
on the machining surface of micro-textured tools are much 
less than non-textured tool, and part of the SiC particles 
remain in the pit and interact with the chips during the 
cutting process.

3.5 � Surface roughness

Surface roughness is an important criterion for measur-
ing the quality of workpiece machining. The measurement 
method is contact measurement. Five different positions are 

Fig. 9   The average value of the main cutting force during the cutting 
process of the non-textured tool and the micro-textured tool. Number-
ing 1–6 represents the cutting force generated by the T-1 to T-6 tools

Fig. 10   SEM images of non-textured tool and micro-textured tool surface: (a) W-1, (b) W-2, (c) W-3, (d) W-4, (e) W-5, and (f) W-6
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selected on the surface of the workpiece for measurement, 
and the results are averaged. Figure 11 shows the Ra values 
of surface roughness workpieces W-1 to W-6. Ra is the arith-
metic average of the absolute value of the contour deviation 
along the measurement direction and the distance from the 
center line, and can be used to evaluate the smoothness of 
machined parts. It can be seen that the surface roughness of 
W-1 workpieces is relatively large, and smaller for W-2 to 
W-6, which is consistent with the observation of the surface 
micro-topography (Fig. 10). Because the micro-pit texture 

of the tool can collect some SiC particles, the interaction 
between the tool, SiC particles, and the surface of the work-
piece is reduced. The surface roughness is reduced. With the 
decrease of the texture spacing, the secondary cutting effect 
produced by the texture and chip surface is more obvious. 
The surface will produce greater concentrated stress, and the 
surface roughness will become worse.

3.6 � Residual stress

The residual stress of the machined workpiece is measured 
by a residual stress measuring instrument, which receives 
the signal of the machined metal surface and calculates the 
surface stress through the Bragg’s law. Since the stress of the 
SiC particles in the SiCp/Al composite material cannot be 
measured, so the stress distribution of the aluminum matrix 
in the SiCp/Al composite material is measured instead. 
It can be seen from the results that the textured tool has 
a certain influence on the residual stress of the machined 
surface. It can be seen from Fig. 12 that this detection plan 
is to select 5 points on the surface of the workpiece with 
an interval of 0.25 cm, the position of the leftmost point is 
0 cm, and the position of the rightmost point is 1 cm. It can 
be seen that when the texture spacing is 60–100 μm, the 
residual stress on the machined surface of the workpiece is 
smaller than that of a non-textured tool but when the spacing 
is 20–40 μm, the residual stress on the machined surface of 
the workpiece tends to increase. It can be observed from the 
surface of the chip that the secondary cutting phenomenon 
is the most serious when the texture spacing is 20–40 μm. 

Fig. 11   Surface roughness of workpieces machined by non-textured 
tool and micro-textured tools. (a) W-1, (b) W-2, (c) W-3, (d) W-4, (e) 
W-5, and (f) W-6

Fig. 12   Surface residual stress of workpieces machined by non-textured tools and micro-textured tools
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With the spacing decrease, the contact state of the stick-
ing area will change; the stress between the tool and the 
chip becomes larger, which increases the machined surface 
residual stress of the workpiece.

4 � Conclusion

In this paper, a micro-pit array textured tool with a diameter 
of 5 μm is applied to the machining of SiCp/Al composite. 
Micro-textured tools can not only improve the cutting per-
formance of the tool, but also improve the surface quality 
of the workpiece. Considering the cutting performance and 
surface quality, the T-5 tool shows better tool properties. The 
conclusions are the following:

1.	 Serious tool wear and adhesion occurred during dry 
cutting SiCp/Al composite; however, by using micro-
textured tools, they can be reduced significantly. It is 
attributed to the interaction between the micro-pit, SiC 
particles, and the chips.

2.	 The contact length between the tool and the chip in the 
non-texture case is the largest during the cutting process. 
The micro-textured tools can reduce the contact length 
through the micro pits.

3.	 Micro-textured tools produce secondary cutting during 
cutting process. Increasing the pit spacing of micro-
textured tool can reduce the impact of secondary cut-
ting. Main cutting force is reduced by use of micro-
texture. The cutting force is reduced largest by 17% in 
the case of the tool with spacing 60 μm (T-4). Spacing 
40 μm is a turning point for anti-adhesion. The tex-
ture anti-adhesion becomes worse when the spacing 
exceeds or is less than 40 μm.

4.	 The micro-pits texture can collect SiC particles, which 
reduces the number of residual particles on the surface 
of the workpiece, as well as the interaction between SiC 
particles, tool, and workpiece for improving the surface 
quality. This interaction is enhanced with the decreasing 
texture spacing, which causes greater concentrated stress 
on the chip surface, further aggravates the secondary cut-
ting phenomenon. However, too small texture spacing 
could change the contact state of the sticking area, causing 
greater residual stress on the workpiece’s surface. Focusing 
on the tool life, T-5 shows the best cutting performance.
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