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Abstract
Carbon bre reinforced polymer (CFRP) composites are widely used in high-tech industries like the
automobile and aerospace sectors, but the wear resistance of tools is one of the most signi cant
restrictions in machining CFRP. In this study, bionic cutting tools based on surface microstructures of
blood clams were fabricated to improve the dry cutting performance of CFRP. Three types of bionic
cutting tools with different size parameters were applied in dry cutting test. The three-axis cutting forces
and the cutting temperature of the processed workpiece were measured. The average friction coe cient
between the rake face and the chip was calculated, and the morphology of the tools wear were observed.
The results showed that bionic microstructures with appropriate size parameters can extremely improve
the cutting performance of CFRP for tool in turning.

1 Introduction
Carbon bre reinforced polymer (CFRP) composites have excellent speci c mechanical properties, low
density, high damping ability, good dimensional stability and good corrosion resistance, etc. [1,2]. These
materials are therefore widely used in high-tech industries like the automobile and aerospace sectors.
Even they take up over 50% of the structural weight of some aircraft. However, the CFRPs machining is
often di cult. One of the reason why they are a di cult-to-cut material is that the high abrasive wear
effect of the carbon bres on the cutting tool [3]. And the CFRPs are normally cannot be allowed to use
any cutting uid in CFRPs machining due to the hygroscopicity, which aggravates the tool wear and high
cutting temperature furthermore.
Many researchers have already characterized that the cutting edge rounding and the ank wear are the
two main kinds of tool wear appeared in secondary cutting edge of one-shot drill bit in drilling CFRP [4,5].
And the hole surface quality strictly worse because of the damages induced by tool wear. In order to
predict and reduce the values of the ank wear, Kim et al. [6] constructed the tool wear progression model
considering the ber orientation and the radial depth of cut in end milling of CFRP. The estimation results
showed that CFRP milling conditions must have larger radial depth of cut. Liang et al. [7] proposed a
novel method of improving tool life by pre running-in and the effectiveness was veri ed by drilling tests.
That is to say, the conventional cutting tools is usually not the best choice to machining good quality
features in CFRPs unless using some certain methods. A effective approach to improve machining
quality is that making the single cutting thickness in the reasonable range [8,9]. On the other hand,
applying internal coolant holes at speci c position and using minimum quantity lubrication (MQL), the
tool wear is also effectively reduced and hole surface quality is greatly improved [10]. Cutting tool
producers and researchers have developed numerous cutting tools with special geometries for CFRP
manufacturers. Li et al. [11] presented a detailed experimental investigation of unidirectional bre
reinforced polymer (UD-CFRP) orthogonal cutting and chip removal mechanisms in the case of using a
specially designed solid tungsten carbide tool. It can be stated that advanced geometry cutting tools are
necessary in order to effectively and appropriately machine required quality features when working with
CFRP composites.
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Recently, the non-smooth surface effect has great potential to improve the lubrication, reduce the friction
and enhance wear resistance of friction pairs [12, 13, 14]. Thus, surface texturing proved to be one of the
promising techniques which helped in the improvement of wear resistance of cutting tools. Sugihara et
al. [15] developed cutting tools with dimple-shaped textures having different dimensions and arrays,
generated on the tool rake face. The experimental results show that microdimples on the rake face of a
cutting tool effectively suppress the crater wear in cutting medium carbon steels, and the effect can be
obtained even under dry cutting conditions. Niketh et al. [16] manufactured a novel drill tool having
microtextures at the ute and margin side and it is used to reduce the sliding friction while machining
Ti6Al4V. It is found that surfaces with micro grooves showed a lower wear depth of 400 μm while
compared to non-textured surfaces which recorded a maximum wear depth of 1150 μm. Liu et al. [17]
investigated the wear resistance of ank-face textured tools by dry cutting tests on the green alumina
ceramics with these ank-face textured tools and a conventional WC/Co carbide tool. The ank wear of
the ank-face textured tools was signi cantly reduced compared with that of the conventional one, and
the ank-face textured tools with micro-scale grooves on the ank face parallel to the main cutting edge
had the most improved ank wear resistance. Xing et al. [18] irradiated Al2O3/TiC cutting tools rake face
by a femtosecond laser. Then dry cutting tests were carried out with these pretreated tools and
conventional tools on hardened steel. They found that the laser pretreated tools increased the adhesions
of chips on the rake face, but they can signi cantly improve the wear resistance of the rake face. On the
other hand, Chen et al. [19] indicated that the surface quality of CFRP machined by the micro-textured
milling tools was also improved over that by the conventional one.
Over billions of years of evolution, a large number of organisms generally have excellent functions of
adhesion reduction, drag reduction and wear resistance [20, 21]. Wang et al. [22] investigated the
in uences of smooth and bio-inspired surfaces on tribological properties of the carbon- ber-reinforced
polyetheretherketone (CFRPEEK) coupled with stainless steel 316L under natural seawater lubrication.
The results show that the specimen with ellipsoidal pits (surface characteristic of the cytister
bengalensis) has the best anti-wear performance, followed by the specimen with triangular pits (surface
characteristic of the snake). Zhang et al. [23] optimized the shape of dimple surface texture under
unidirectional sliding, and a numerical approach developed based on a Genetic Algorithm to improve the
tribological performance. It was illustrated that textures of the bullet and sh shapes had lower friction
coe cient than those of circular shape.
As a typical natural biological mineralization material, molluscan shells have excellent wear-resistance
properties. Tian et al. [24] investigated the in uence of surface morphology (rib distribution on the shell),
structure (rib coupled with nodules) and material (organic matter) on the anti-wear performance of the
molluscan Scapharca subcrenata shell. All three were found to exert signi cant effects on the shell's
wear-resistance ability. Zhang et al. [25] generated two kinds of bionic units, the bionic strip unit
(inspirited by the shell structure) and the bionic pit unit (inspirited by the dung beetle) on the surface of
the specimens. The two kinds of units can improve the resistance to sliding wear dramatically.
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Hence, in this work, in order to convenient observation, the bionic cutting tools based on the surface
microstructure of blood clams were fabricated to machining CFRP in the turning for reducing the tool-chip
friction, improving the wear resistance and prolonging the service life of tools.

2 Experiments
2.1 Selection of bionic objects
Blood clams mainly grows in the shallow sea and sand along the coast or near the land. Thus, the the
surface will be impacted by surrounding sediments which driven by water ows. But there is no obvious
wear on the surface due to the surface morphology of the blood clams, a geometric network structure
with interlaced longitudinal grooves and transverse grooves, which makes it resistant to erosion and
abrasion. The microstructure of blood clams was observed by an ordinary optical microscope and the
dimensions were measured by a confocal microscope as shown in Figure 1 and Figure 2(b) respectively.
In this study, the blood clams were selected as a bionic prototype and applied to tools to study the cutting
performance with this bionic structure.
Figure 1 The macrostructures of blood clams: (a) ten times magni cation, (b) thirty times magni cation

Figure 2 The local microstructures of blood clams: (a) microstructures observed by an ordinary optical
microscope, (b) microstructures observed by a confocal microscope

2.2 Preparation of bionic cutting tools
The tools tested in this research were 13 × 13 × 4.5 mm YS8 (WC / TiC / Co) carbide tools. The physical
properties of YS8 cemented carbide are shown in Table 1. We used an abrasive polisher to polish the rake
face of tools so that its surface roughness Ra was less than 10 nm, and then cleaned it in an ultrasonic
cleaner with alcohol and acetone for 20 minutes respectively.

Table 1 Physical properties of the YS8 ultra- ne grained cemented carbide blade
Cutting tool

Hardness (HRA)

Flexural strength (MPa)

Density (g/cm3)

YS8

92.5

1720

13.9

Young’s Modulus

Thermal expansion coe cient(10-6 ºC )

Poisson’s ratio

(GPa)
550

5.5

0.27
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In this study, three groups of bionic tools were prepared by laser micromachining technology. The model
of the laser marking machine used in the test is RFL-100W, as shown in Figure 3(a). And the
morphological diagrams of three kinds of bionic tool obtained by laser processing are shown in the
Figure 3 (b), (c), (d). Three groups of bionic tools and one groups of conventional non-textured tools NT
were subjected to cutting tests.

2.3 Cutting tests
The dry cutting test was performed on a CA6136 engine lathe. Its front angle γ0, back angle α0, main
declination angle Kr and blade inclination angle λs were -5°, 5°, 45°, 0° respectively. The workpiece
material used in the experiment was an CFRP round bar with a diameter of 55 mm.
The experimental image of the cutting test is shown in Figure 4. The cutting force was measured by a
dynamic force measurement system (Kistler 9272) xed on the engine lathe, and then the force data was
changed from an ampli er to a computer data acquisition system. Three-axis forces recorded by the
dynamic force measurement system are main cutting force, radial force, and feed force respectively. A
thermal imager (C640) was used to observe the cutting temperature of the tool-chip interface during
cutting.
Figure 3 RFL-100W Laser marking machine and three-dimensional morphology of the rake face of three
kinds of bionic tools after machining: (a) RFL-100W Laser marking machine, (b) bionic tool T8, (c) bionic
tool T20, (d) bionic tool T25
Figure 4 Turning test site layout: (a) lathe processing device, (b) data processing

3 Results And Discussions
3.1 Cutting forces
As shown in the Figure 5 is a table of the three-axis cutting force of the four tools under the cutting
conditions of v=160 m/min, f=0.2 mm/r and ap=0.4 mm. It can be seen from the gure that the three-axis
cutting force of the bionic tools T8, T20 and T25 is lower than that of the ordinary non-textured tool NT,
especially T20, and the three-axis cutting force is smaller than that of the conventional non-textured tool
NT. The main cutting force, radial force and feed force were reduced by 16.45%, 31.90% and 25.31%
respectively. In addition, generally speaking, the cutting force of the four tools for cutting CFRP is
relatively small, but the cutting force oscillates greatly during the cutting process. This is because CFRP is
a di cult-to-cut material, and its bar material structure is laminated bres. The process of turning CFRP is
accompanied by the breakage of bres and the cutting of new bre layers, so the cutting force is in a
continuous oscillation cycle. This continuous oscillation has a considerable impact on the tool, that is, to
improve the tool performance is critical for cutting CFRP materials.
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Figure 5 Three-axis cutting forces of four tools (v=160 m/min, f=0.2 mm/r, ap=0.4 mm): (a) main cutting
force, (b) radial force, (c) feed force
Figure 6 shows the change curve of the three-axis cutting force of the four tools at a cutting speed of 80180 m/min (f=0.2 mm/r, ap=0.4 mm) to cut CFRP. Judging from the changing trend of cutting force, it
generally shows a trend of decreasing rst and then increasing, the reason being. In general, the cutting
force of the four tools in cutting CFRP in the tested cutting speed range is relatively small, and it can be
clearly seen that the three-axis cutting forces of the bionic tools T8 and T20 are the smallest. When the
cutting speed is 80-120 m/min, the main cutting force of T8 and T20 is reduced by 5.70%~11.78% and
4.29%~11.42% respectively compared to the conventional non-textured tool NT, and the radial force is
reduced by 5.66%~13.08% and 2.94%~18.74%, the feed force is reduced by 2.06%~24.13% and
-1.87%~16.36%; when the cutting speed is large, in the range of 140-180 m/min, T8 and T20 main The
cutting force is reduced by 9.46%~17.79% and 10.56%~16.45%, the radial force is reduced by
21.38%~28.51% and 28.88%~33.92%, and the feed force is reduced by 15.58%~23.22% and
13.51%~26.48%. It can be seen that the three-axis cutting force of the bionic tools T8 and T20 drops
signi cantly when the cutting speed is large, indicating that these two bionic tools have a more prominent
role in reducing the cutting force at higher cutting speeds.
Figure 6 Under the conditions of different cutting speeds, the change of the three-axis cutting force
experienced by the four tools: (a) main cutting force, (b) radial force, (c) feed force
In addition, the T25 bionic tool also has the effect of reducing the cutting force of the tool in the higher
cutting speed range of 140-180 m/min. Compared with the conventional non-textured tool, the NT main
cutting force is reduced by 8.77%, 7.34% and 10.23%, radial force decreased by 15.07%, 14.83% and
19.09% respectively, and feed force decreased by 9.17%, 13.85% and 12.80% respectively. It can be seen
that the bionic microstructure is suitable for cutting at a higher cutting speed, and can improve the cutting
performance of the tool during high-speed cutting.

3.2 Cutting temperature
During the cutting process, FLUKE TI32 portable infrared camera was used to measure the cutting
temperature of the tool. Figure 7 is the infrared thermal image of four tools cutting CFRP when the cutting
speed is 140 m/min. It can be seen from the gure that under this cutting condition, the maximum
temperature of the tool tip of the conventional non-textured tool is 119.1ºC, while the maximum
temperature of the tip of the bionic tool T8 is 77.0ºC, which is 35.35% lower than that of the conventional
non-textured tool.
Figure 7 Infrared thermography of conventional non-textured tool NT and bionic tool T8 in dry cutting of
CFRP (v=140 m/min, f=0.2 mm/r, ap=0.4 mm): (a) conventional non-textured tool NT, (b) bionic tool T8
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Figure 8 shows the cutting temperature changes of four different tools in the cutting speed range of 80180 m/min. On the whole, the cutting temperature of the four tools shows a trend of decreasing rst and
then increasing with the increase of cutting speed. The minimum temperature appears at 120 m/min and
140 m/min. It can be clearly seen from the gure that at any cutting speed, the cooling effect of the
bionic tools T8 and T20 is obvious, and the bionic tool T25 has a better cooling effect when the cutting
speed is higher. T8 and T20 in the test cutting speed range, compared with conventional non-textured
cutting tools, the cutting temperature was reduced by 10.25%~20.42% and 11.82%~32.67% respectively.
The temperature reduction effect of T25 at a higher cutting speed of 140-180 m/min also reached
6.31%~13.43%. It can be seen that the effects of the three bionic tools at lower cutting speeds are more
signi cant. It can be seen that the presence of microstructures on bionic cutting tools based on surface
microstructures of blood clams can effectively improve the heat dissipation e ciency of the friction
interface, so that the temperature rise of the tool tip during cutting can be signi cantly lower than that of
the non-textured texture. Therefore, when cutting a hard-to-cut material such as CFRP with a microstructured tool with surface microstructures of blood clams, the tool surface will have a lower
temperature than the conventional tool, and the purpose of extending the tool life is achieved.
Figure 8 Cutting temperature of four kinds of tool at different cutting speeds (f=0.2 mm/r, ap=0.4 mm)

3.3 Average friction coe cient
According to the theory of metal cutting, in the process of metal cutting, the relationship among the
cutting tool geometry angles, the radial force FY and the main cutting force FZ satis es Formula (1), and
then the calculation formula of the average friction coe cient μ of the tool-chip contact surface on the
tool rake face can be derived.
(1)
Where μ-average friction coe cient, β-friction angel, γ0- tool rake angel, FY-radial force and FZ-main
cutting force.
The data obtained by the cutting test and the Formula (1) give the average friction coe cient of the toolchip contact surface of the four tools at different cutting speeds, and the curve of its change with cutting
speed is shown in Figure 9. On the whole, the average friction coe cient on the rake face of the tool
shows a downward trend with the increase of cutting speed. It can be seen from the gure that the bionic
tool T8 has a certain friction reduction effect at the cutting speed v=180 m/min, and the average friction
coe cient at other cutting speeds is not much different from that of conventional non-textured tools. The
bionic tool T20 has a good friction reduction effect when the cutting speed v≥120 m/min, especially
when the cutting speed v=140 m/min, the friction coe cient is reduced by 21.02% compared to NT, and
the friction reduction effect is signi cant. In contrast, the bionic tool T25 not only does not have a good
anti-friction effect, but even increases the friction between the rake face and the chip, making the average
friction coe cient increase. It can be seen that the proper microstructures of the surface of the bionic tool
Page 7/16

can play the anti-friction effect under certain cutting conditions and play a positive role in improving the
cutting performance of the tool.
Figure 9 Average friction coe cient of four kinds of tools turning CFRP at different cutting speeds (f=0.2
mm/r, ap=0.4 mm)

3.4 Chip adhesion and wear
The main reasons for tool wear are excessive contact pressure between the tool and the workpiece and
excessive temperature on the contact surface. In high-speed cutting, a large amount of cutting heat is
generated between the workpiece and the tool. The temperature of the contact area between the
workpiece and the tool is high and the pressure is high. In this state, the fresh chip surface formed by
cutting often has a strong chemical activity and atomic adsorption force, it is easy to cause adhesion on
the contact surface between the tool and the workpiece. The adhesion material will take off part of the
tool material, causing damage to the tool and causing bond wear. This is the main form of wear in
cutting CFRP materials.
Figure 10 shows the two-dimensional bonding morphology of the rake face of conventional non-textured
tool NT and bionic tool T8 and T20 dry cutting CFRP and the distribution diagram of H element in epoxy
resin under the cutting conditions of v=180 m/min, f=0.2 mm/r, ap= 0.4 mm. It can be seen from the
gure that these two kinds of cutters have a more obvious black bond near the cutting edge of the rake
face area, which is in sharp contrast with the tool material. The cutter mainly focuses on bond wear.
Observing Figure 10 (a)-(f), it can be seen that the size and scope of the non-textured tool NT block bond
are signi cantly larger than the bionic tools T8 and T20, indicating the bond wear of the conventional
non-textured tool NT more seriously, the bionic tool can effectively reduce the size of the worn area on the
rake face of the tool. Because T8 and T20 have a lower degree of bond wear, the average friction
coe cient of T8 and T20 rake faces is somewhat lower than that of NT, thereby increasing the tool life.
Figure 10 Two-dimensional bonding morphology and the H element distribution on the rake faces of three
kinds of tools (v=180 m/min, f=0.2 mm/r, ap=0.4 mm): (a) NT two-dimensional bonding morphology, (b)
H element distribution of NT, (c) T20 two-dimensional bonding morphology, (d) H element distribution of
T20, (e) T8 two-dimensional bonding morphology, (f) H element distribution of T8

4 Conclusions
In this work, the conventional non-textured tool NT, the bionic tools T8, T20, T25 were applied to turning
carbon ber reinforced polymer (CFRP) under six turning speeds. The conclusions are as follows:
(1) The bionic microstructure is suitable for cutting at a higher cutting speed, and can improve the cutting
performance of the tool during high-speed cutting. In the range of 140-180 m/min, the main cutting force
of T8, T20 and T25 is reduced up to 17.79%, 16.45% and 10.23%. The radial force is reduced up to
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28.51%, 33.92% and 19.09% respectively. The feed force is reduced up to 23.22%, 26.48% and 12.80%
respectively.
(2) The presence of microstructures on bionic cutting tools based on surface microstructures of blood
clams can effectively improve the heat dissipation e ciency of the friction interface. The cutting
temperature of bionic cutting tools T8 and T20 was reduced by 10.25%~20.42% and 11.82%~32.67%
respectively compared with conventional non-textured cutting tools in the test cutting speed range. The
temperature reduction effect of T25 at a higher cutting speed of 140-180 m/min also reached
6.31%~13.43%.
(3) The proper microstructures of the surface of the bionic tool can play the anti-friction effect under
certain cutting conditions. The bionic tool T20 has a good friction reduction effect when the cutting
speed, especially when the cutting speed v=140 m/min. The friction coe cient is reduced by 21.02%
compared to NT. But the bionic tool T25 increases the friction between the rake face and the chip.
(4) The bionic tool can effectively reduce the size of the worn area on the rake face of the tool seriously
compared with the conventional non-textured tool NT.
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Physical properties of the YS8 ultra- ne grained cemented carbide blade.
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Young’s
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Thermal expansion
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Poisson’s
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Figures

Figure 1
The macrostructures of blood clams: (a) ten times magni cation, (b) thirty times magni cation

Figure 2
The local microstructures of blood clams: (a) microstructures observed by an ordinary optical
microscope, (b) microstructures observed by a confocal microscope

Figure 3
RFL-100W Laser marking machine and three-dimensional morphology of the rake face of three kinds of
bionic tools after machining: (a) RFL-100W Laser marking machine, (b) bionic tool T8, (c) bionic tool T20,
(d) bionic tool T25
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Figure 4
Turning test site layout: (a) lathe processing device, (b) data processing

Figure 5
Three-axis cutting forces of four tools (v=160 m/min, f=0.2 mm/r, ap=0.4 mm): (a) main cutting force, (b)
radial force, (c) feed force
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Figure 6
Under the conditions of different cutting speeds, the change of the three-axis cutting force experienced by
the four tools: (a) main cutting force, (b) radial force, (c) feed force

Figure 7
Infrared thermography of conventional non-textured tool NT and bionic tool T8 in dry cutting of CFRP
(v=140 m/min, f=0.2 mm/r, ap=0.4 mm): (a) conventional non-textured tool NT, (b) bionic tool T8
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Figure 8
Cutting temperature of four kinds of tool at different cutting speeds (f=0.2 mm/r, ap=0.4 mm)

Figure 9
Average friction coe cient of four kinds of tools turning CFRP at different cutting speeds (f=0.2 mm/r,
ap=0.4 mm)

Figure 10
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Two-dimensional bonding morphology and the H element distribution on the rake faces of three kinds of
tools (v=180 m/min, f=0.2 mm/r, ap=0.4 mm): (a) NT two-dimensional bonding morphology, (b) H
element distribution of NT, (c) T20 two-dimensional bonding morphology, (d) H element distribution of
T20, (e) T8 two-dimensional bonding morphology, (f) H element distribution of T8
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