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Abstract: Aluminum alloy materials are very difficult to break in the processing process; chip
accumulation leads to poor processing stability. In this paper, a coated composite micro—textured
tool is presented. The influence of coated composite micro-textured tool on chip shape and cutting
force under the same cutting parameters is studied. Firstly, the combination of cutting force and
cutting temperature is optimized based on cutting test. Secondly, combined with the finite element
simulation technology, three kinds of composite micro-texture tools are tested to determine the
same cutting parameters, tools and workpiece materials, and optimize the composite micro-texture
combination from the angle of chip shape, cutting temperature and cutting force. Finally, on the
basis of optimizing the microstructure combination, the optimization of the cutting performance of
aluminum alloy by coating material is studied. It was found that the chip was more easily broken
in the composite microstructure when two tools were used. The cutting force decreased by 25%
and the cutting temperature decreased by 9.09% compared with the non—-micro-texture tools. The
cutting temperature and cutting force decreased by 3% and 4.99% compared with those of uncoated
composite microstructure.

Keywords: composite micro-texture; cutting force; chip; coating; cutting temperature

1. Introduction

With the innovation of modern manufacturing, processing technology is developing in
the direction of high accuracy and speed [1,2]. This puts forward a higher requirement for
the machining quality and production efficiency of parts. Due to its excellent mechanical
and thermal properties, aluminum alloy materials are widely used in automotive, shipping,
aerospace and other fields [3,4]. However, the aluminum alloy material has a low melting
point, which produces plastic deformation under the action of high temperature and high
pressure generated by the cutting process, and the chip continues to overflow with the
processing, and softens under the action of high temperature, which is very easy to be
captured by the tool and attached to the tool surface, seriously affecting the tool life,
resulting in the reduction in the processing quality [5-7]. Therefore, in order to improve
the cutting performance and prolong the service life of the tool, many scholars at home and
abroad optimize the cutting performance of the tool from the aspects of tool structure and
surface coating.

In recent years, with the development of bionics and tribology, it has been found that
surfaces with microstructures have excellent wear resistance and abrasion resistance [8].
During the cutting process, the front surface of the tool is in close contact with the material of
the workpiece to be cut, causing serious friction and causing tool wear [9,10]. Therefore, the
application of micro—texture on the blade has attracted a lot of scholars’ attention. Su, Y et al.
studied the machining performance of microgroove tool in cutting titanium alloy and found
that the friction coefficient between tool and chip was significantly increased under dry
turning conditions [11]. Rathod et al. studied AL6063 dry cutting with microstructure tools
and found that the cutting performance of microstructure tools was better than that of
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non-microstructure tools, and the cutting force of square microstructure tools decreased
by 30% [12]. Patel, K et al. studied the effect of micro—texture parameters on the cutting
performance of the tool when machining titanium alloy, and found that the width, depth
and distance from the main cutting edge of the micro-texture have a significant impact on
the cutting force [13]. Zhang Yan and others have studied the continuous wear and tear of
microstructure tools in the cutting process, and found that the number of microstructure
tools and the placement of rake face position have important influence on the wear and
tear of tools. The surface temperature of tools is the key factor affecting the depth of
tool wear [14]. Therefore, reasonable preparation of the micro—texture on tool surface
is helpful to improve tool performance, but micro—-texture is limited in the position of
tool surface and the improvement of tool performance by single texture is also limited.
Aiming at the advantages and disadvantages of a single micro—texture tool, a combined
micro—texture tool based on a single micro-texture tool is proposed. Fu and others found
that the combined micro—texture tool can greatly improve the stress distribution on the tool
surface and reduce the cutting heat produced during the cutting process [15].

As the research deepened, researchers found that coating tool surfaces can effectively
improve the shortcomings of traditional cutting tools [16]. Zheng, G and others carried
out a high-speed cutting test under dry and coated conditions and found that coating can
avoid direct contact and friction between tool body and workpiece, and can lubrication
and friction reduction [17]. Li, Y et al. studied the surface roughness of coated tools for
high-speed cutting AISI4340, and found that the surface roughness of the workpiece after
machining with coated tools is 0.08~0.32 pm, which is helpful to improve the surface
quality of machining difficult-to-machine materials [18].

After the above research, it is found that the cutting performance of composite mi-
crostructure tool in aluminum alloy cutting is seldom studied. In this paper, a variety
of concave—convex composite micro-textured tools are developed for cutting test. The
optimum cutting parameters were obtained by cutting AL7075 aluminum alloy. Optimal
cutting parameters and composite micro—texture are used in lathe simulation tests. The
chip shape and cutting force of the tool are analyzed, the influence of composite micro—
texture on tool performance is discussed, and the most optimal composite micro-texture is
obtained. In order to optimize the cutting tool performance, the coating test for the optimal
composite micro-texture was carried out.

2. Cutting Test
2.1. Test Materials and Equipment

The CBN tool was used in the test. Tool material is a new kind of artificial material,
which is widely used in the cutting industry because of its high hardness and good im-
pact resistance [19,20]. Tool material performance parameters are shown in Table 1. The
workpiece material is made of AL7075 aluminum alloy, 50 mm in diameter and 250 mm
in length. The performance parameters of workpiece materials are shown in Table 2. The
cutting force data were collected by CA6140A lathe and Kistler 2825A-02 high sensitivity
piezoelectric three-way dynamometer. Thermal imagers are used to measure the cutting
temperature produced during the cutting process. The test equipment is shown in Figure 1.

Table 1. CBN tool material performance parameters [21].

Material Young's Therm.al' Poisson Density Specific Heat
Properties Modulus Conductivity Ratio (g/cm3) (J/kg °C)
P (Gpa) (W/m-K) 8 &

value 690 120 0.2 3.8 700
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Table 2. 7075AL aluminum alloy material performance parameters [22].

Young's Thermal

Ml it Conduciay  Tgsen Doty S e
P (Gpa) (W/m-K) & 8
value 717 173 0.33 2.810 860

Figure 1. Test equipment diagram.

2.2. Cutting Test and Result

In the cutting process, the selection of cutting amount has an important influence on
the generation of cutting heat and the stability of the cutting process [23]. In this paper,
the cutting test scheme shown in Table 3 is designed according to the suitable machining
parameter range of CBN tool and the guarantee of machining accuracy. Dry cutting is used
in the cutting test.

Table 3. Cutting Test Scheme.

Group Cutting Speed V¢ (m/min) Feed f (mm/r) Cutting Depth a, (mm)
1 190 0.2 0.3
2 150 0.2 0.3
3 125 0.2 0.3

The cutting force test results are shown in Figure 2 below. As the cutting speed decreases,
the cutting force decreases gradually. When the cutting parameters are Vc = 125 m/min,
f=0.2mm/r, ap = 0.3 mm, the cutting force is the smallest. This is because with the decrease
of cutting amount, the shape and size of cutting layer decrease, the shape deformation of
workpiece decreases, leading to the decrease in cutting force. As Figure 3 shows, the chip
entanglement around the aluminum alloy rod, even without spilling and stacking near
the main edge of the cutter, increasing the length of the chip’s contact with the tool and
producing it prone to psoriasis.

Figure 4 shows data collected using a thermal imager, and Figure 5 shows the results
of the cutting temperature test. It can be seen from the graph that the cutting temperature
decreases with the cutting quantity, and the cutting deformation, friction and contact area
decrease with the cutting quantity, which improves the heat dissipation conditions and
promotes further heat dissipation of the tool.
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Figure 2. Cutting force of non-micro—textured tool.

Figure 3. Chip winding.

Figure 4. Cutting temperature thermal imaging.
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Figure 5. Cutting temperature of non-micro-texture tool.

3. Cutting Simulation Test of Composite Micro-Textured Tool

In view of the difficulty of aluminum alloy material processing, CBN tool is difficult
to cut aluminum alloy material chips under conventional cutting conditions [24,25]. On the
basis of using single micro—texture to improve tool performance, the concept of composite
micro—texture tool is proposed. Using the synergy of concave micro—texture and convex
micro-texture, the tool performance is further improved.

3.1. Finite Element Simulation

In order to study the effect of pitching and pitching microstructure on tool cutting
performance, three kinds of composite micro-texture tools are designed in this paper, which
are shown in Figure 6. Composite micro-texture two-tool (micro—texture combination with
pit and then convex interlaced according to main cutting edge); composite micro—texture e
IIT (a combination of three rows of micro—textures protruding from a pit first and then, based
on the main cutting edge). Pit micro-texture depth 35 um. Height of convex micro—textured
tool 35 um.

(a) Composite Micro-texture I (b) Composite Micro—texture II (c) Composite Micro—texture III

Figure 6. Micro—texture simulation mode.

The above three composite micro—texture models are imported into the finite element
simulation software, and the tool and workpiece are meshed. The maximum mesh size of
the tool is set to 1 mm, the minimum mesh size is set to 0.1 mm, the maximum mesh size
of the workpiece is set to 3 mm, and the minimum mesh size is set to 0.1 mm. The finite
element simulation mesh model of the tool workpiece is shown in Figure 7. The cutting
amount scheme selects the minimum cutting amount combination of the above cutting
forces, namely Vc = 125 m/min, f = 0.2 mm/1, ap = 0.3 mm.
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Figure 7. Finite element simulation model.

In the finite element analysis, the Johnson-Cook constitutive model is selected. The
model shows that the strain, strain rate and temperature distribution are not uniform and
vary greatly when the materials collide. It can accurately reflect the large strain and thermal
softening effect of the materials in the cutting process. The parameters of the constitutive
model are shown in Table 4 [26,27].

Table 4. Johnson-Cook constitutive model parameters of 7075AL aluminum alloy [28].

A (MPa) B (MPa) C n m - (°O) tm-(°C)
546 678 0.024 0.71 1.56 20 650

Empirical equation of Johnson-Cook constitutive model:

= [A+B(a)n]o[l+Cln(Z§>]o{1— (t;__ti(])m} (1)

where: c—Plastic stress, A—yield strength, B—strain hardening constant; C—strain rate
hardening coefficient, m—thermal softening parameter, n—strain hardening parameter;
e—Plastic strain, ¢,—plastic strain rate, ep—reference strain rate; t—material dynamic
temperature, t)—ambient reference temperature, t,,—material melting point.

3.2. Analysis of Simulation Results
3.2.1. Effect of Composite Microtextured Tool on Chip

Under the same cutting amount, the cutting simulation test of the three composite
micro—texturing tools is carried out to obtain the chip morphology as shown in Figure 8
and the cutting temperature as shown in Figure 9. It is found in observation Figure 8 that
when cutting with three tools, composite micro-texture I and composite micro-texture III,
continuous strip chips are formed and curl out on the front of the blade. When working
with a composite micro—texture two-tool, the chip is partially broken and spilled at the
front of the cutter.

During cutting process, the cutting-edge part of the tool collides with the cutting
material, the cutting layer of the tool is subjected to shear stress, which causes the cutting
chips to form and flow out along the front of the tool and be rubbed by the front of the
tool. Composite micro—texture two tools, because of the dented and crisscrossed composite
micro—texture, when the chip flows through the part of the composite micro—texture, it
causes extrusion and friction, which leads to a decrease in the curl radius of the chip, an
increase in strain of the chip material and a fracture of the chip.
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(a) Composite Micro-texture I (b) Composite Micro—texture II (c) Composite Micro-texture III

Figure 8. Chip morphology of three composite micro-textured tools.

360

I Composite Micro-texture tool
T . . 20%

320 306 318

280

C
o
2
S

L

12%

8%

Temperature ('C)
o
5 oz 08
8 g g
79

80

Cutting temperature reduction

4%

0%

Composite Micro-texture I Composite Micro-texture Il Composite Micro-texture 11l

Figure 9. Cutting temperature of three kinds of composite micro—texture tools.

As can be seen from Figure 9, the lowest cutting temperature was obtained when using
a composite micro—texture II tool. Compared to the same cutting conditions, the reduction
in the micro—texture I, Il and III tools was 7.27%, 9.09% and 3.64%. It is very easy to cause
the workpiece material to be softened by heat, produce thermal deformation, attach to
tool surface, and affect machining. The distribution of cutting temperature is mainly taken
away by chip fracture and overflow, and the closer the chip meets the tool surface, the less
heat can be dissipated. For the composite micro—texture of the two tools, most of the heat
of chip breaking is taken away with chip breaking, and the contact area between knife and
chip is reduced, the contact surface friction is reduced, and the heat dissipation is lost, so
the cutting temperature is reduced.

3.2.2. Effect of Composite Micro-Textured Tool on Cutting Force

Collect the data of cutting force test results. To avoid errors due to the randomness of
data collection, multiple data points were uniformly selected during the cutting process and
their averages were calculated as cutting force test results, Figure 10 shows the mechanical
fluctuation of the cutting force during simulation test and Figure 11 shows the result of
cutting force test.

As can be seen from Figure 11, the cutting force of the three composite micro—textured
tools decreased by 17.02%, 25% and 19.99%, respectively, compared to non-microstructural
tools. On the one hand, because of the compound micro-texture on the rake tooth surface,
the actual contact length with the chip is reduced, the friction coefficient is reduced and
the friction force is reduced; on the other hand, the dent-convex micro—texture increases
the extrusion degree the tool structure in the cutting layer of the workpiece material and
reduces friction force. The composite micro—texture II tool has the greatest influence on the
reduction in cutting force. This is because when cutting with the composite micro-texture
II tool, the chips break and spill, and do not accumulate and clog at the tool tip, reducing
secondary cutting and resulting in a reduction in cutting force.
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Figure 10. Mechanical wave diagram of cutting force of three kinds of composite micro—texture tools.
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Figure 11. Cutting force of composite micro-texture tool.

Figure 12 shows a comparison of radial force with and without micro-textured tools.
The first is the non-woven cutting test group, the second, third and fourth are the composite
micro—textured tools one, I and III. As can be seen from Figure 8, the influence of three
kinds of composite microstructure tools on the radial force is very significant. The smaller
the radial force of the tool, the smaller the radial pulse, the more stable the machining state.
It can be seen that composite microstructure tool can improve the stability of the cutting
process and improve the quality of cutting products.

Figure 13 is the stress distribution diagram during the cutting process of the composite
micro—textured tool. Figure (a,d,c) are the tool stress distribution at the beginning of cutting.
(b,e,h) are the tool stress distribution maps for stable cutting; (c,f,i) are the tool stress
profiles at the end of the cutting process. It can be seen from the figure that with the cutting
process, the stress gradually spreads to the inside of the tool front face and gradually
transfers to the micro—textured position. Comparing the stress nephogram of three kinds
of composite micro—texture tools, it is found that the secondary stress of composite micro—
texture is concentrated at the micro—texture position far away from the tool tip and the
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main cutting edge, and the stress value is the smallest. It can be concluded that the stress
absorption effect of composite micro—texture Il is significantly better than that of the other
two micro—texture tools.
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(a) Main cutting force image of composite micro-texture tool (b) Radial force image of composite micro-texture tool
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Figure 12. Comparison of main cutting force and radial force.
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Figure 13. Stress distribution of three kinds of composite micro—texture tool.

It can be seen from the above three kinds of composite micro—texture simulation
experiments that the chip, cutting force and stress distribution can be significantly im-
proved by using two tools of composite micro—texture combination, namely, the pit-convex
interwoven micro—texture combination.

4. Simulation Test of Coated Composite Micro-Textured Tool

During the cutting process, the cutting heat increases rapidly, and the aluminum alloy
chips softens easily and adheres to the tool. In the cutting process of aluminum alloy
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materials, the main cause of tool wear is adhesive wear. In order to further improve the
properties of aluminum alloy tool, the concept of coated tools is put forward. Compared
with traditional tools, coated tools have higher abrasion resistance and thermal stability,
and are now widely used in machining [29,30]. In this paper, the coating is combined with
composite microstructure tool to optimize the cutting performance of aluminum alloy.

4.1. Effect of Coated Micro—Textured Tools on Cutting Temperature

TiN material micron was coated on the surface of the above selected composite micro—
texture II tool 1.5um and the cutting force is tested with minimum cutting dosage. Figure 14
shows a comparison of cutting temperatures between coated and uncoated micro—textured
tools. It can be seen from the figure that the cutting temperature of coated tools is about
3% lower than that of uncoated tools. When using coated microstructure tool to process
aluminum alloy material, TiN material clings to tool surface, TiN material coated on tool
surface acts as thermal protective film, which reduces friction coefficient between tool and
workpiece, has the effect of dry lubrication, promotes the smooth flow of chip and reduces
the heat of cutting due to chip accumulation. Due to the chemical stability of TiN material,
it is difficult to react with cutting material under high temperature and pressure, so the tool
works well under high temperature.

@ Composite micro-texture two-tool
@ Coating composite micro-texture two-tool

320 1320

315 315

[
310 L ® 310
]

~ ° ~
L 305 Q.—. L L ...%. L 305 2,
@ [ ] @
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Figure 14. Comparison of cutting temperature of coated and non-micro-textured tools.

4.2. Effect of Coated Micro-Textured Tool on Cutting Force

Figure 15 shows a decrease of 28.75% in the cutting force of coated and uncoated
micro-textured tools and 4.99% in the cutting force of coated and uncoated micro—textured
tools. When TiN material works instead of tool body, TiN material acts as barrier, which
makes it difficult to invade the chip material produced by external cutting. TiN material
has higher hardness and is more abrasive than tool body material, which reduces internal
stress and protects tool body structure.

I Cutting Force
- : 35%

30%

+25%

on

20%

15%

Cutting Force reduct

10%

5%

0%
Coated micro-texture tool

Micro-textured tool

Figure 15. Comparison of cutting force of coated and uncoated tools.
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Therefore, coating on the tool surface can alleviate the cutting force and heat produced
during the cutting process, and effectively protect the tool. So, it is practical to apply coating
technology to tool surface and optimize tool performance based on the optimization of
composite microstructure tool.

5. Conclusions

In this paper, the optimal cutting dosage combination is selected by cutting test, taking
cutting force and cutting temperature as the yardstick. The cutting performance of the
composite micro—texture tool is simulated by means of finite element simulation software
combined with the above optimal cutting quantity. By comparing the cutting performance
of the different optimal composite micro—texture e tool, the cutting performance of different
composite micro—texture tools is optimized, and coating cutting test is carried out on the
preferred composite micro—texture tool. The results were as follows:

(1) Cutting tools with interlaced pit-convex micro-texture promote wafer curl and frac-
ture. When the chip flows through the blade, the fracture overflows and the chip
accumulation improves markedly;

(2) Changes in the distribution of dented tissue in the front of the tool will cause changes
in cutting force and cutting temperature. pit-convex micro—texture combined with
staggered micro—texture has good cutting performance in reducing cutting force and
cutting temperature;

(3) Due to the high hardness and chemical stability of the coating material, it acts as a
protective barrier in the event of sharp tool collisions and further optimizes the cutting
performance of the tool;

(4) The combination of combined micro—texture and surface coating has solved the
processing problem of aluminum alloy material chip winding with large fluctuations
and provided a theoretical basis for aluminum alloy cutting.
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