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ABSTRACT

Friction and wear phenomenon is a complex nonlinear system, and it is also a significant problem in the process of
metal cutting. In order to systematically analyze the friction and wear process of tool material-workpiece material
friction pair in the cutting process of high hardness alloy steel under different lubrication conditions, the chaotic
characteristics of friction process between high hardness alloy steel and cemented carbide under the lubrication C60
nano-particles fluid are studied based on the chaos theory. Firstly, the friction and wear experiments of the friction
pair between high hardness alloy steel and cemented carbide tool are carried out based on the ring-block friction
and wear tester, and the results of friction force signal in time domain and wear width are obtained. Then, the
friction signals in time domain are processed and transformed based on phase space reconstruction and recurrence
plot theory, and the recurrence plots of different experimental groups under different lubrication conditions are
generated. The evolution law of recurrence plot is further observed and studied, and the recursive quantitative
index is analyzed. Finally, the cutting experiments of tool wear are carried out. The results show that the proposed
method can intuitively and accurately reveal the wear evolution process and the wear feature identification law of
the tool material-high hardness alloy steel pair under different lubrication conditions. Meanwhile, it is found that
when the concentration of C60 nanoparticles is 200∼300 ppm, the stability of the friction pair system is best. The
proposed method can provide a strategy for wear prediction in cutting process, and provide a theoretical basis and
technical support for antifriction lubrication methods in practical cutting applications.
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1 Introduction

In recent years, the performance of key gear materials used in mechanical transmission systems
has been continuously improved. Cr-Co-Mo-Ni high hardness alloy steel with high hardness and high
strength is widely used in the transmission system of automobile, ship and other fields. However, the
cutting of high hardness aviation gear steel belongs to heavy load cutting, which has a great impact
on cutting tools and serious friction. Tool wear will lead to poor surface roughness and low forming
accuracy. What’s more, tool tipping will lead to a series of problems, such as workpiece scrap, prolonged
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processing cycle, increased processing costs and so on. Therefore, it is of great significance for the
cutting technology of high hardness gear steel to optimize the antifriction lubrication in the cutting
process, reduce tool wear, master the evolution law of tool wear and predict the wear failure life [1–5].

At present, the research on cutting friction and tool wear focuses on improving lubrication and
cooling conditions [6–8], tool wear mechanisms [9–11], and tool wear monitoring [12–14]. The contact
friction system between the tool and the workpiece in the cutting process is a nonlinear chaotic
dynamic system. It exhibits strong nonlinearities due to frictional interface asperity contact mechanics,
thermal and surface oxidation [15]. Many experts and scholars have studied the complex behavior of
friction and wear based on nonlinear theory. Ding et al. [16] carried out a friction test and extracted
the friction noise generated during the friction process. The phase trajectories and chaotic parameters
of the friction noise are obtained by phase space reconstruction, and the evolution process of the
attractor is analyzed. Oleksowicz et al. [17] established the friction model of automobile disc brake
using chaos theory tools. He revealed the generation mechanism of the noise generated by the brake
disc, and proposed the method of noise suppression through chaos control. Zhou et al. [18] studied the
evolution law of friction temperature based on chaos theory, calculated the correlation and Lyapunov
exponents, and found the chaotic attractor in the process of sliding friction. He also studied the
dynamic evolution law of friction temperature signal and friction force signal in running-in process,
analyzed and summarized the nonlinear properties of friction coefficient in lubricated sliding friction
[19]. Lang et al. [20] explored the boundedness, stability and dynamic characteristics of friction signals
under different working conditions through the chaotic representation method, and realizes state
identification, wear prediction and quantitative design control.

At present, it still focuses on the direct interpretation of the characteristics from the system signal
in the field of cutting friction and wear, but lacks the quantitative analysis using the quantitative
analysis method of chaotic dynamics analysis. Meanwhile, the system signal of cutting field is seriously
disturbed by the environment, and the characteristics of tool wear signal are difficult to identify
directly.

Recursion theory is a powerful tool for solving nonlinear problems. At present, recurrence plot
or recursive quantitative analysis is widely used in many fields, especially in pattern recognition and
anomaly detection. Xing et al. [21] proposed a method to identify the friction state of sliding bearing
based on the recurrence characteristics of friction vibration, and the results show that the recurrence
diagram of friction vibration is closely related to the friction state and can reflect the change of sliding
bearing from boundary friction to liquid friction. Zaldivar et al. [22] proposed a state change detection
method for environmental time series based on recursion theory, and verified its effectiveness through
specific examples. Zamen et al. [23] revealed the complex behavior of frictionally coupled Lamb waves
through a recursive analysis method, and successfully detected the mode conversion in multimode
Lamb waves with the help of a recursive diagram. Ziaei-Halimejani et al. [24] proposed an unsupervised
learning fault diagnosis method for chemical process missing data based on joint recursive quantitative
analysis, and verified the sensitivity and robustness of the proposed method through experiments.
Xiao et al. [25] combined recursive quantitative analysis and Gaussian mixture model to realize gear
fault diagnosis. Fan et al. [26] proposed a fault diagnosis method for the unbalanced exciting force
of mechanical linear vibrating screen by combining recursive quantitative parameters and variational
modal decomposition.

In this paper, the chaotic characteristics of friction process between high hardness alloy steel and
cemented carbide under the lubrication of C60 nanoparticles fluid are studied. The friction and wear
experiments are carried out and the friction signals in time domain are obtained. Then the friction
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time domain signal is transformed by using phase space reconstruction and recurrence plot theory.
On this basis, the evolution law of the recurrence diagram and the change of quantitative index are
analyzed, and the wear evolution process and wear characteristic identification law of tool material-
high hardness alloy steel pair under different lubrication conditions are explored. The proposed
method can provide a strategy for the wear prediction in the cutting process, and provide a theoretical
basis and technical preparation for the antifriction lubrication in the actual cutting application.

2 Friction and Wear Experiments

In order to study the friction contact between the tool surface and the workpiece/chip surface in
the cutting process, a ring-block friction pair contact mode is adopted, and the friction process of the
tool/workpiece is simplified into a plastic contact friction problem between an elastic cylinder and an
infinite width half-plane. The experiment is carried out on the MM-2HB ring-block sliding friction
and wear tester. The schematic diagram of the friction pair and the physical drawings of the ring-block
sample, the rectangular block sample and the tester are shown in Fig. 1.

(a) (b)

(c)

Figure 1: Ring-block friction and wear test device (a) Schematic diagram of friction pair (b) Material
sample (c) Physical drawing of testing machine

The material of the ring block is high hardness gear steel 15Cr14Co12Mo5Ni2WA, and the
material of the rectangular block is slotting tool material K44UF hard alloy. The whole process of the
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test is controlled by the industrial computer of the testing machine, and the test process is monitored
by the system software in real time, and the related test parameters such as load, speed, test time and
so on are recorded. The change of friction force and tool material sample wear with friction distance
under different lubrication conditions was obtained. 6 C60 nanoparticle cutting fluids with different
C60 particle mass concentrations were prepared as the experimental group, and HM32 cutting oil
was set as the control group to compare and analyze the effect of C60 nanoparticle concentration on
the friction performance of cemented carbide/high strength gear steel friction pair. The lubrication
condition parameters of the experimental groups are shown in Table 1. The test load is 200 N and the
speed is 200 rpm. During the test, the temperature nephogram of the friction area was obtained by the
infrared thermometer, and the worn surface morphology of the rectangular test block was obtained
by Dino-Lite microscope and super-depth-field 3D microscope.

Table 1: Milling process parameters

Experimental
group

Milling
speed
(m/min)

Milling
cutter
speed (rpm)

Axial depth
of cut (mm)

Radial depth
of cut (mm)

Feed speed
(mm/min)

Cutting fluid

1 78.5 1000 0.60 10 800 Dry cutting
2 78.5 1000 0.60 10 800 HM32 cutting

fluid
3 78.5 1000 0.60 10 800 C60 nanoparticle

cutting fluid

3 The Theory of Recursive Analysis

In order to systematically compare and analyze the friction history between the tool pair and the
workpiece pair, the friction time domain signal is transformed by using the phase space reconstruction
and recurrence plot theory. The evolution law of the recurrence diagram is analyzed on this basis,
and the wear evolution process and wear characteristics identification law of the tool material-High-
hardness Gear Steel material pair are explored. This method can provide theoretical basis and technical
preparation for practical cutting applications.

Nonlinear signals contain high dimensional information. The time series signals measured in the
experiment are reconstructed into a high-dimensional space, and the system is recursively analyzed in
the new space. This reconstruction process is called phase space reconstruction [27]. Firstly, the friction
time domain signals collected from the friction and wear experiment of the material pair are filtered
to filter out white noise and environmental interference signals, and the friction time domain signal
X (x1, x2, . . . , xn) is obtained. Then X (x1, x2, . . . , xn) is projected to the m-dimensional space to obtain
a new phase space point Xi, which is calculated as follows [28]:

X =

⎡
⎢⎢⎣

X1

X2

. . .

XN

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

x1 x1+τ . . . x1+(m−1)τ

x2 x2+τ . . . x2+(m−1)τ

· · · · · · . . . · · ·
xN xN+τ . . . xN+(m−1)τ

⎤
⎥⎥⎦ (1)

N = 1, 2, . . . , n − (m − 1)τ (2)
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where n is the sampling length, m is the embedding dimension, τ is the delay time, and N is the number
of points obtained by phase space reconstruction. The recursive value R (j, k) is defined as 0 or 1, and
the calculation formula is as follows:

R (j, k) = δ(ε − djk) (3)

δ (x) =
{

0 x � 0
1 x > 0

(4)

djk = ∥∥Xj − Xk

∥∥ (5)

where ε is the threshold, δ (x) is the Heaviside-step-function, and djk is the distance between two points
in the reconstructed phase space. When the distance between two points in the phase space is less than
or equal to the threshold, the recursive value is 1; when the distance between two points in the space
is greater than the threshold, the recursive value is 0.

In order to highlight the clarity of the recurrence diagram, the points with values of 1 or 0 are
represented by yellow points and blue points respectively in this paper. The two-dimensional point
diagram obtained by taking j as the abscissa and k as the ordinate is drawn, which is the recurrence
diagram. Recurrence plot is helpful to reveal the internal structure of nonlinear time domain signals
and the time correlation information in the process of friction and wear, identify the current state, and
obtain the evolution law.

Although the observation and analysis method based on recurrence plot can directly display the
evolution of friction process and running-in wear from the two-dimensional recurrence plot, it cannot
quantitatively analyze the friction and wear results under different lubrication conditions. Therefore,
in order to quantitatively express the friction and wear signal of the workpiece-tool material friction
pair, the recurrence rate related parameters are introduced.

(1) ENT (Entropy) represents the Shannon information in the recurrence diagram, which can be
used to represent the stability of the friction pair system of the work-tool material. The more complex
the structure of the system is, the higher the ENT is [29,30].

(2) ADL (Average diagonal line length), which represents the average length of the diagonal
structure in the recurrence plot and represents the periodicity of the system [31].

ENT = −
∑N

l=lmin
P(l)lnP(l) (6)

ADL =
∑N

v=vmin
vP(v)∑N

l=lmin
P(v)

(7)

where P(l) is the number of diagonal lines of length l in the recurrence plot, lmin is the length of the
shortest diagonal line, and P(v) is the number of horizontal lines of length v in the recurrence plot,
vmin = 2 [32].

4 Results and Discussion
4.1 Friction Analysis

The variation curves of friction coefficient with friction time under lubrication conditions of
different experimental groups are shown in Fig. 2. It can be seen from Fig. 2 that the friction coefficient
of the dry friction experimental group is large and shows a non-linear growth trend with the increase
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of friction distance. Although the friction coefficient of the HM32 experimental group is much lower
than that of the dry friction experimental group, the friction coefficient is still large and has an unstable
fluctuation trend with the increase of friction distance. However, the average friction coefficients
of the cutting fluids with 6 different concentrations of C60 particles are significantly lower than
those of the HM32 control group, and the friction coefficient curves under the lubrication of C60
nanoparticles cutting fluids were more stable. The results show that the addition of C60 nanoparticles
can effectively reduce the friction coefficient of K44UF cemented carbide/15Cr14Co12Mo5Ni2WA
gear steel friction pair, and greatly reduce the friction force and friction fluctuation. The friction force
and the fluctuation of the friction force are greatly reduced, and the average value of the friction
force is reduced by more than 45%. When the concentration of C60 particles is 200 ppm, the friction
coefficient is the smallest and the effect is the best. When the concentration of C60 particles is 200 ppm,
the friction coefficient is the smallest, and the average friction force decreases by 56.0%.

Figure 2: Friction coefficient curves under different experimental group lubrication conditions

4.2 Wear Analysis
In order to further determine the friction and wear performance, the wear width and the wear

depth of the tool material test block surface under different friction distances are extracted by super-
depth-field 3D microscope, and the preliminary wear evaluation are obtained. The wear width of the
tool material test block under the lubrication conditions of different experimental groups is shown in
Fig. 3. It can be seen from Fig. 3 that the wear width of the test block under the lubrication of HM32
cutting fluid is slightly lower than that under dry friction. However, the wear width shows a nonlinear
and rapid growth trend with the increase of friction length under the lubrication of HM32 cutting
fluid.
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Figure 3: Wear width curves under different experimental group lubrication conditions

With the addition of C60 nanoparticles to the original cutting fluid, the wear width at different
friction distances decreased significantly, and the wear width showed a nonlinear and slow growth
trend. When the concentration of C60 nanoparticles reaches 200 ppm and above, the wear width is
further reduced to less than 1.0 mm. The change trend of wear curve with friction distance is similar
to that of friction coefficient curve under different experimental conditions. When the concentration
of C60 is too low, the improvement of friction and wear properties is limited. However, when the
concentration of C60 is increased to 200 ppm, the lubrication performance is significantly improved.
Compared with HM32 cutting fluid, C60 nano-particle cutting fluid can greatly reduce the wear of
tool material. The average value of wear width decreased by 62.36%–83.65%, and the average value of
the wear depth decreased by 43.14%–71.15%.

It can be seen from the changing process of friction coefficient and wear that the friction pair
composed of tool and workpiece material has nonlinear characteristics with the change of friction
distance. Meanwhile, the comparative analysis shows that the addition of C60 nanoparticles cutting
fluid can reduce the friction coefficient of the workpiece/tool friction pair and the wear of the tool
material. It can provide a certain reference value for the improvement of the actual cutting process.

4.3 Recurrence Plot Analysis
Firstly, the friction signal data of the ring-block friction and wear test is filtered and denoised, and

the processed time domain signal is reconstructed in phase space and the corresponding recurrence
plot is calculated. The delay time τ = 3 is determined based on the autocorrelation method [33], the
embedding dimension m = 3 is determined based on the false nearest neighbor method [34], and the
threshold ε = 1 is determined on the basis of the empirical value.

In the process of friction and wear, 5 groups of course tests with a friction distance of 300 m
and a friction time of 720 s are carried out continuously under the conditions of each experimental
group. The first 600 s in each group of course tests are analyzed and the corresponding recurrence
plots are constructed. The recurrence plots of five courses are generated in each experimental group.
By analyzing the recurrence plot and nonlinear characteristics of friction signals under different
lubrication conditions, the nonlinear characteristics of the system and the evolution process of friction
process and wear can be reflected [35].
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The evolutions of the recurrence plots of the friction signal under different experimental groups
are shown in Figs. 4 to 11.

(a) (b)

(c) (d)

(e)

Figure 4: Recurrence plots of different courses under dry friction condition friction distance = (a)
0∼300 m (b) 300∼600 m (c) 600∼900 m (d) 900∼1200 m (e) 1200∼1500 m
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(a) (b)

(c) (d)

(e)

Figure 5: Recurrence plots of different courses under HM32 cutting fluid lubrication condition friction
distance = (a) 0∼300 m (b) 300∼600 m (c) 600∼900 m (d) 900∼1200 m (e) 1200∼1500 m
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(a) (b)

(c) (d)

(e)

Figure 6: Recurrence plots of different courses under 100 ppm C60 nanoparticle cutting fluid
lubrication friction distance = (a) 0∼300 m (b) 300∼600 m (c) 600∼900 m (d) 900∼1200 m (e)
1200∼1500 m
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(a) (b)

(c) (d)

(e)

Figure 7: Recurrence plots of different courses under 200 ppm C60 nanoparticle cutting fluid
lubrication friction distance = (a) 0∼300 m (b) 300∼600 m (c) 600∼900 m (d) 900∼1200 m (e)
1200∼1500 m
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(a) (b)

(c) (d)

(e)

Figure 8: Recurrence plots of different courses under 300 ppm C60 nanoparticle cutting fluid
lubrication friction distance = (a) 0∼300 m (b) 300∼600 m (c) 600∼900 m (d) 900∼1200 m (e)
1200∼1500 m
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(a) (b)

(c) (d)

(e)

Figure 9: Recurrence plots of different courses under 400 ppm C60 nanoparticle cutting fluid
lubrication friction distance = (a) 0∼300 m (b) 300∼600 m (c) 600∼900 m (d) 900∼1200 m (e)
1200∼1500 m
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(a) (b)

(c) (d)

(e)

Figure 10: Recurrence plots of different courses under 500 ppm C60 nanoparticle cutting fluid
lubrication friction distance = (a) 0∼300 m (b) 300∼600 m (c) 600∼900 m (d) 900∼1200 m (e)
1200∼1500 m
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(a) (b)

(c) (d)

(e)

Figure 11: Recurrence plots of different courses under 1000 ppm C60 nanoparticle cutting fluid
lubrication friction distance = (a) 0∼300 m (b) 300∼600 m (c) 600∼900 m (d) 900∼1200 m (e)
1200∼1500 m
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It can be seen from Fig. 4 that in the initial stage of 0∼300 and 300∼600 m friction distance in
the dry friction condition, there are large yellow spots in the recurrence diagram. However, the overall
distribution of yellow dots is relatively uniform, indicating that the state is relatively stable and there
is no sudden change in friction and wear. As the friction distance reaches 600∼900 m, larger yellow
blocks appear in the recurrence plot than that in the initial stage, and the distribution of color blocks
is uneven, indicating that the state of the friction and wear system is gradually unstable and sudden
changes occur. When the friction distance further reaches the stage of 900∼1200 and 1200∼1500 m,
the yellow blocks in the recurrence plot further expand. Meanwhile, the distribution of color blocks
is extremely uneven, and the area of the whole rectangular yellow block even reaches half of the
recurrence plot. which indicates that the friction and wear system is extremely unstable, in the stage
of sudden and severe friction and wear, and the system wear is serious. It shows that the friction and
wear system is extremely unstable and is in the stage of sudden severe friction and wear.

In the initial stage of the friction distance of 0∼300 m under the HM32 cutting fluid lubrication
condition, there are slightly large yellow spots in the recurrence plot. Although the overall distribution
of yellow blocks is uneven, the overall friction and wear system is still in a stable state. When the friction
distance is extended to 300∼600 and 600∼900 m, the yellow spots on the recurrence plot are evenly
distributed and diffuse like water droplets. It indicates that the system has stepped into a stable wear
stage and is in a chaotic and unpredictable stable state. However, when the friction distance is further
extended to 300∼600 and 600∼900 m, rectangular yellow blocks appear in the recurrence plot, the
area of rectangular yellow blocks gradually increases, and the overall distribution of yellow blocks is
uneven. It indicates that the friction and wear system transits from the stable wear stage to the severe
friction and unstable stage.

In the initial stage of the friction distance of 0∼300 m under the 100 ppm C60 nano-particle
cutting fluid lubrication condition, although there are rectangular yellow spots in the recurrence
diagram, the overall distribution of yellow spots is relatively uniform. It shows that the system has
a slight fluctuation in the initial stage, but the whole system is in a stable state. When the friction
distance is extended to 300∼600, 600∼900 and 900∼1200 m, the yellow spots in the recurrence plot
are more evenly distributed, and the yellow spots are like the diffusion phenomenon of water droplets.
It indicates that the system has stepped into a stable wear stage and is in a chaotic and unpredictable
stable state. As the friction distance continues to extend to 1200∼1500 m, rectangular yellow blocks
reappear in the recurrence plot, and the area of yellow blocks becomes slightly larger, but the overall
distribution is still relatively uniform. It shows that the system transits from the stage of stable wear
to the stage of intensified friction, but the degree of intensified friction and wear of the system is not
large, and it still maintains a relatively stable state.

In the initial stage of the friction distance of 0∼300 m under the 200 ppm C60 nano-particle
cutting fluid lubrication condition, the corresponding recurrence plot also shows the distribution of
rectangular yellow dots, but the overall distribution of yellow dots is relatively uniform. It shows that
the system fluctuates slightly in the initial stage of friction and wear, but the whole system is still in
a stable state. When the friction distance is extended to 300∼600 and 600∼900 m, the yellow spots
in the recurrence plot are more evenly distributed, and the yellow spots diffuse like water droplets
melting water, which indicates that the system has entered a stable wear stage and is in a chaotic and
unpredictable stable state. As the friction distance continues to extend to 900∼1200 and 1200∼1500 m,
the yellow spots continue to diffuse and distribute evenly in the recurrence plot, and there is no
phenomenon that the yellow spots become larger and unevenly distributed. It shows that the system
does not transit from the stable wear stage to the severe friction stage, and continues to maintain a
stable state of stable wear.
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In the initial stage of the friction distance of 0∼300 m under the 300 ppm C60 nano-particle
cutting fluid lubrication condition, the corresponding recurrence plot also shows the distribution of
rectangular yellow dots, but the overall distribution of yellow dots is relatively uniform. It shows that
the system fluctuates slightly in the initial stage of friction and wear, but the whole system is still in
a stable state. As the friction distance continues to extend to 300∼1200 m, the distribution of yellow
spots in the recurrence plot becomes more uniform, and the yellow spots diffuse like water droplets. It
indicates that the system maintains a steady wear phase and is in a chaotic and unpredictable steady
state. It is consistent with the lubrication condition of 200 ppm C60 nano-particle cutting fluid, it does
not transit from the stable wear stage to the severe friction stage, and it continues to maintain a stable
state of stable wear.

In the initial stage of the friction distance of 0∼300 m under the 400 ppm C60 nano-particle cutting
fluid lubrication condition, the corresponding recurrence plot shows the distribution of rectangular
yellow spots, but the overall distribution of yellow spots is relatively uniform. It indicates that the
system fluctuates slightly in the initial stage of friction and wear, but the overall system is still in a stable
state. As the friction distance continues to extend to 300∼600, 600∼900, 900∼1200 m, the yellow spots
in the recurrence plot are more evenly distributed, and the yellow spots diffuse like water droplets. It
indicates that the system maintains a steady wear phase and is in a chaotic and unpredictable steady
state. However, as the friction distance continues to extend to 1200∼1500 m, smaller rectangular yellow
blocks appear in the recurrence plot, but the overall distribution of yellow blocks in the recurrence plot
is relatively uniform. It shows that the system does not transit from the stage of stable wear to the stage
of intensified friction, but the degree of intensified friction and wear of the system is not large, and it
still maintains a relatively stable state.

In the initial stage of the friction distance of 0∼300 m under the 500 ppm C60 nano-particle cutting
fluid lubrication condition, the yellow spots in the recurrence diagram are uniformly distributed in the
initial stage of friction distance from 0 to 300 m and from 300 to 600 m, and the yellow spots diffuse
like water droplets melted water. It shows that the system is in a chaotic and unpredictable stable
state. When the friction distance reaches 600∼900 m, rectangular yellow dots appear in the recurrence
plot, and the distribution of yellow dots is uneven. It shows that the system transits from the stable
wear stage to the intensified friction stage, and is in an unstable state of severe friction and sudden
fluctuation. However, as the friction distance continues to extend to 900∼1200 and 1200∼1500 m, the
rectangular yellow blocks of the recurrence plot disappear, and the yellow spots redistribute evenly,
such as the diffusion of water droplets. It indicates that the system is again in the transition to the
stable wear stage and in the chaotic and unpredictable stable state.

In the initial stage of the friction distance of 0∼1000 m under the 500 ppm C60 nano-particle
cutting fluid lubrication condition, the yellow spots of the recurrence diagram are uniformly dis-
tributed, and the yellow spots diffuse like water droplets. It shows that the system is in a chaotic and
unpredictable stable state. When the friction distance reaches 300∼600 and 600∼900 m, rectangular
yellow dots appear in the recurrence plot, and the distribution of yellow dots is uneven. It shows that
the system transits from the stable wear stage to the intensified friction stage, and is in an unstable
state of severe friction and sudden fluctuation. Although when the friction distance is extended to
900∼1200 m, the area of the rectangular yellow dot color block in the recurrence diagram becomes
smaller and the distribution of the color block is gradually uniform, the system tends to be stable.
However, when the friction distance continues to extend to 1200∼1500 m, rectangular yellow dots
appear again in the recurrence plot, and the distribution of yellow dots is uneven. The results show
that the stable wear stage of the system disappears and transits to the intensified friction stage again,
and the system is in an unstable state of severe friction and sudden fluctuation.
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Based on the above analysis of the recurrence plots under different lubrication conditions, it can
be seen that the evolution law of friction and wear can be obtained intuitively after the recurrence plot
transformation from the friction time domain signal. The recurrence plots under different lubrication
conditions are similar in that the textures are clustered on the main diagonal, indicating strong chaos.
In the initial stage of friction and wear, the wear is unstable and fluctuates, and the recurrence plot
will show mutation patterns. In the stable stage of friction and wear, the recurrence diagram will show
a pattern similar to the uniform distribution of droplets. When the stable wear stage transits to the
severe wear stage, the quasi-periodic pattern will appear in the intermediate transition stage, and when
the severe wear occurs, it will become a sudden change pattern again.

However, the recurrence plots under different lubrication conditions also have many differences.
Under the dry friction condition, the recurrence plot in the initial stage shows a fluctuating and
unstable mutation pattern. With the increase of friction distance, the recurrence plot keeps the
mutation pattern of uneven distribution of yellow blocks, the area of yellow blocks becomes larger,
and the degree of uneven distribution becomes more serious.

Under the lubrication condition of the HM32 cutting fluid, the recurrence plot at the initial stage
also shows uneven distribution of yellow patches and abrupt changes in the pattern. When the friction
distance is extended to 300∼600 and 600∼900 m, the yellow spots in the recurrence plot are evenly
distributed and diffuse like water droplets. The system is in a chaotic and unpredictable stable state.
However, as the friction distance continues to extend to 900∼1200 and 1200∼1500 m, the recurrence
plot again shows uneven distribution of yellow blocks and sudden changes in the pattern. The system
changes from a stable friction and wear stage to a sudden change and unstable severe friction and wear
stage.

Under the lubrication condition of 100 ppm C60 nano-particle cutting fluid, the recurrence
plot at the initial stage also shows uneven distribution of yellow blocks and abrupt changes in the
pattern. When the friction distance is extended to 300∼1200 m, the recurrence plot keeps the uniform
distribution of yellow spots for a long time, and the system is in a chaotic and unpredictable stable
state. As the friction distance continues to extend to 1200∼1500 m, the recurrence diagram shows the
uneven distribution of yellow blocks, but the degree of friction and wear aggravation and mutation is
not high.

Under the two lubrication conditions of 200 ppm C60 nano-particle cutting fluid and 300 ppm
C60 nano-particle cutting fluid, the recurrence plots at the initial stage show uneven distribution
of yellow blocks and slight mutation of patterns. When the friction distance continues to extend to
300∼1500 m, the recurrence plots keep the uniform distribution of yellow spots for a long time, and
the system is in a chaotic and unpredictable stable state. Compared with the later stage under the
100 ppm C60 nano-particle cutting fluid lubrication condition, there is no sudden change pattern.

As the concentration of C60 nanoparticles cutting fluid increases to 400, 500 and 1000 ppm, the
recurrence plots at the initial stage also show uneven distribution of yellow blocks and slight mutation
of patterns. When the friction distance continues to extend, the recurrence plots remain in a chaotic
and unpredictable stable state for a period of time. However, in the later stage when the friction distance
continues to extend, the uneven distribution of yellow blocks and the sudden change of patterns appear
repeatedly in the recurrence plots. It indicates that the instability of the friction and wear system is
intensified.
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4.4 Quantitative Recursive Analysis
From the two-dimensional recurrence plots, the evolution of friction and wear under different

lubrication conditions was analyzed. In order to further quantitatively analyze the friction and wear
of the tool material-workpiece material friction pair under different lubrication conditions, the ENT
and ADl indexes in the above recurrence plots are extracted for comparative analysis.

The ENT and ADL plots for different lubrication conditions are shown in Figs. 12 and 13,
respectively. By comparing the two figures, it can be seen that with the extension of the friction distance,
the curve trends of ENT and ADL are similar. The larger the ENT value is, the worse the stability
of the system is, and the system is in a state of mutation and complexity. This also means that the
larger the cycle length shown in the 2D recurrence plot, the larger the ADL value. It indicates that the
larger the ENT and ADL values, the worse the stability of the system.

Figure 12: ENT at different friction distances under different lubrication conditions

Figure 13: ADL at different friction distances under different lubrication conditions
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By comparing the variation trends of ENT and ADL under different lubrication conditions, it can
be seen that the values of ENT and ADL under dry friction condition are the highest, and the growth
trend and fluctuation degree are the most significant, which indicates that the friction and wear of the
system are intense and extremely unstable. The ENT and ADL values under the lubrication condition
of HM32 original cutting fluid are lower than those under the dry friction condition, but the ENT
and ADL values continue to grow with the increase of friction distance in the later period. It indicates
that the system still has an increasing trend of instability. The ENT and ADL values of 100 ppm C60
nano-particle cutting fluid under the lubrication condition are lower than those of HM32 cutting fluid
under the lubrication condition, and the ENT and ADL values have no continuous growth trend for
a long time with the increase of friction distance in the later stage, and have a slight growth trend until
the final stage.

Under the lubrication conditions of 200 ppm C60 nano-particle cutting fluid and 300 ppm C60
nano-particle cutting fluid, the ENT and ADL values are further reduced compared with those under
the lubrication conditions of 100 ppm C60 nano particle cutting fluid, and the ENT and ADL values
are stable for a long time and do not show an increasing trend with the increase of friction distance
in the later period. The results show that the stability of the friction and wear system is the best and
the lubrication effect is the best. With the increase of the nano-particle cutting fluid concentration to
400, 500 and 1000 ppm, the ENT and ADL values are low in the early stage when the friction distance
is short, but the ENT and ADL values fluctuate again and continue to grow with the increase of the
friction distance in the later stage. It shows that the high concentration of C60 nanoparticles will also
cause the decrease of the stability of the friction and wear system and the decline of the lubricating
effect. The conclusion of the overall comparative analysis is consistent with the conclusion of the
observation analysis based on the two-dimensional recurrence plot in the previous section.

Based on the above analysis results, it can be seen that the friction and wear stability under the
liquid lubrication is higher than that under the dry friction condition. Meanwhile, the friction and
wear stability of C60 nano-particle cutting fluid is higher than that of HM32 cutting fluid. Based
on the comparative analysis of different concentrations of C60 nano-particle cutting fluid lubrication
conditions, it can be seen that when the concentration of C60 is too low, the improvement of system
stability and lubrication performance is low. When the concentration of C60 reaches 200∼300 ppm,
the stability and lubrication performance of the friction and wear system reach the best. When the
concentration of C60 increases to 400 ppm or above, the stability and lubrication performance of the
system decrease. Therefore, it can be concluded that the stability and anti-friction and wear resistance
of the workpiece-tool material friction pair system can be optimized under the lubrication of 200∼300
ppm C60 nano-particle cutting fluid.

5 Cutting Experiments

In order to verify the conclusions of the friction and wear experiments and the recursive analysis,
the milling experiments were carried out. The physical drawing of the milling experimental platform
and related test instruments is shown in Fig. 14. The milling machine is FEELER VMP-40A vertical
machining center. The experimental process parameters are shown in Table 1. Dry cutting group,
HM32 cutting fluid lubrication group and C60 nanoparticle cutting fluid lubrication group (C60
concentration is 200 ppm) are set up in the experiment. 15 steps are performed in each experimental
group. The milling force and tool wear after the cutting step are detected during the machining process.

The milling force under different lubrication conditions is shown in Fig. 15. Compared with the
dry cutting test group, the milling force peak value under the HM32 cutting fluid lubrication decreased
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by 48.43%, and the milling force mean value decreased by 36.59%; However, the milling force peak
value decreases by 56.66% and the milling force mean value decreases by 43.88% under the lubrication
of C60 nanoparticle cutting fluid; Meanwhile, the milling force curve lubricated by the HM32 cutting
fluid has an unstable fluctuation and a slow growth trend; However, the cutting force under the C60
nano-particle cutting fluid lubrication is relatively stable and has no increasing trend.

FEELER VMP-40A
Vertical machining center

Lubrication Milling 
Experimental Platform

Measuring instrument 
platform

Figure 14: Milling experimental processing platform

Figure 15: Milling force under different experimental lubrication condition groups

The flank wear width of four inserts in the milling tool is measured and counted under different
experimental conditions and different working steps. The flank wear width under different lubrication
conditions is shown in Fig. 16. Compared with the dry cutting condition, the wear width under the
HM32 cutting fluid lubrication and the C60 nanoparticle cutting fluid lubrication is significantly
reduced. After the fifth process step, the wear width of the inserts under the HM32 cutting fluid
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lubrication is reduced by 41.27% on average, and the wear width of the inserts under C60 nanoparticle
cutting fluid lubrication is reduced by 50.79% on average; After the tenth process step, the wear width
of the inserts under the HM32 cutting fluid lubrication is reduced by 45.57%, and the wear width of
the inserts under C60 nanoparticle cutting fluid lubrication is reduced by 58.23% on average; After
the 15th process step, the wear width of the insert under the HM32 cutting fluid lubrication is reduced
by 32.98%, and the average reduction of wear width is 62.77% under the 60 nanoparticle cutting fluid
lubrication. Compared with the HM32 cutting fluid, the wear width under C60 nano-particle cutting
fluid lubrication is significantly reduced.

Figure 16: The flank wear width of four inserts in milling cutter under different lubrication conditions
(a) Insert 1 (b) Insert 2 (c) Insert 3 (d) Insert 4

Meanwhile, the tool wear width under the HM32 cutting fluid lubrication condition has an
obvious upward trend with the increase of working steps. However, the wear width does not increase
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under the C60 nanoparticle cutting fluid lubrication condition, and the wear width is maintained
below 0.09 mm. It indicates that C60 nanoparticles cutting fluid plays a significant role in antifriction
and lubrication in the cutting process. It increases the wear resistance and the cutting tool life, and
promotes the stability of the cutting process and the accuracy retention of the workpiece. Based on the
comparison and analysis of the cutting test results under different lubrication conditions, the results
show that compared with the dry cutting condition and the original cutting fluid lubrication condition,
the cutting force and tool wear under the C60 nanoparticle cutting fluid lubrication are significantly
reduced. The wear resistance and tool life of cutting tools are increased, and the stability of the cutting
process and the accuracy retention of workpieces are improved. It verifies the analysis conclusion of
the friction and wear characteristics of the tool-workpiece material friction pair based on the recursion
theory in the above section, and provides a technical basis for the cutting application of high hardness
alloy steel.

6 Conclusion

In order to systematically compare and analyze the friction history between the tool pair and the
workpiece pair, the friction time domain signal is transformed by using phase space reconstruction and
recurrence plot theory. On this basis, the evolution law of the recurrence plot was analyzed, and the
wear evolution process and wear feature identification law of the tool material-high hardness alloy steel
pair were explored. The proposed method in this paper can provide a theoretical basis and technical
preparation for practical cutting applications.

(1) The wear signals under dry friction conditions, HM32 cutting fluid lubrication and C60 nano-
particle cutting fluid lubrication with different concentrations are recursively analyzed, and the one-
dimensional wear signals which are difficult to analyze are transformed into high-dimensional features
which are easy to analyze. It can more intuitively and accurately reflect the friction and wear situation
of the friction pair of the high hardness alloy steel-hard alloy tool material.

(2) The friction and wear of the friction pair lubricated by C60 nano-particle cutting fluid are more
stable than that lubricated by HM32 cutting fluid at different friction distances, and the fluctuation is
smaller.

(3) When the concentration of C60 nanoparticles is too low or too high, the friction and wear
of friction pairs still have the trend of aggravation and fluctuation. When the concentration of C60
nanoparticles is 200∼300 ppm, the stability of the friction pair system is best. It can provide a
theoretical basis and technical preparation for the practical cutting application of high hardness alloy
steel.

(4) The cutting experiments under different lubrication conditions are carried out. The results
show that C60 nanoparticles cutting fluid can significantly improve and reduce the cutting force and
tool wear, and increase the wear resistance of cutting tools and tool life. It verifies the accuracy of the
proposed method for the friction and wear characteristics of the tool-workpiece material friction pair
based on the recursive theory, and provides a technical basis for the actual cutting application of high
hardness alloy steel.
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