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Abstract
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Burnishing experiments with different burnishing parameters were performed on a computer numerical control
milling machine to characterize the surface roughness of an aluminum alloy during burnishing. The chaos theory
was employed to investigate the nonlinear features of the burnishing system. The experimental results show that the
power spectrum is broadband and continuous, and the Lyapunov exponent A is positive, proving that burnishing
has chaotic characteristics. The chaotic characteristic parameter, the correlation dimension D, is sensitive to the time
behavior of the system and is used to establish the corresponding relationship with the surface roughness. The cor-
relation dimension was the largest, when the surface roughness was the smallest. Furthermore, when the correlation
dimension curve decreases, the roughness curve increases. The correlation dimension and surface roughness exhibit
opposite variation trends. The higher the correlation dimension, the lower the surface roughness. The surface rough-
ness of the aluminum alloy can be characterized online by calculating the correlation dimension during burnishing.
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1 Introduction

Aluminum alloy is widely used in ships, railways, trans-
portation, aerospace, and other fields because of its high
specific strength, strong corrosion resistance, and light
weight [1, 2]. Most failures of aluminum alloys occur on
the surface in service [3, 4]. Enhancing the comprehen-
sive protection ability of aluminum alloy surfaces through
surface nanocrystallization can significantly improve the
service performance and life of the material [5-7].
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In recent years, the development of metal surface
nanocrystallization techniques has diversified, and vari-
ous processing methods have been proposed for surface
nanocrystallization. Zhu et al. investigated the effect of
ultrasonic shot-peening on the surface structure, hard-
ness, and corrosion resistance of 7075 aluminum alloy.
The results showed that the surface hardness and rough-
ness increased with increasing shot-peening time. When
the shot-peening duration exceeded a specific level, the
rate of increase decreased and then reached a stable value.
The maximum surface hardness determined during the
test was 249.6 HV and 46% higher than that of the origi-
nal sample [8]. Gao et al. examined the effect of a surface
mechanical grinding treatment on the fatigue properties of
7075T6 aluminum alloy. The results indicated that within
a particular range of impact strength, surface mechanical
grinding could increase the fatigue strength of the material.
The near-surface microhardness increased with increas-
ing surface mechanical grinding strength and surface
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roughness[9]. He et al. evaluated the surface properties of
an aircraft 5A06 aluminum alloy using laser shock peen-
ing. They found that laser shock peening increased the
microhardness of the material by 65% and ultimate tensile
strength by 27% [10]. Generally, surface nanocrystalliza-
tion techniques, such as ultrasonic shot peening, surface
mechanical grinding, and laser shock peening, significantly
improve the hardness, fatigue strength, and tensile strength
of metals [11-13]. However, problems, such as insufficient
attention to surface roughness and little improvement,
still exist. In engineering applications, such as surface
strengthening of aircraft fuselages, which require high sur-
face roughness, secondary processing is often required to
improve the surface roughness of materials. This undoubt-
edly increases processing costs [14].

Burnishing is a surface nanocrystallization technique,
with positive effects on the hardness, wear resistance, and
surface roughness of metals [15-17]. Good surface rough-
ness improves the resistance of metals to wear, corrosion,
and fatigue [18-20]. In this study, burnishing processing
parameters of the optimum surface roughness was inves-
tigated using the orthogonal experiment method. Burnish-
ing is a dynamic process in which the system parameters
and state variables function jointly. Its essence is a highly
complex nonlinear process that requires investigation
using nonlinear scientific methods. Surface roughness was
gradually generated using the tool feed during burnishing.
This parameter is a state variable, and can be used to char-
acterize the evolution of system behaviors. Surface rough-
ness is typically measured off-line after burnishing. This
measurement makes it difficult to reflect the variation in
burnishing process features in real time. In this study, the
nonlinear characteristics of the friction coefficient during
the burnishing process were analyzed based on the chaos
theory to solve this problem. Moreover, the relationship
between the chaotic characteristics and surface rough-
ness was further established, providing a theoretical basis
for online surface roughness measurements. The chaos
theory is also called nonlinear dynamics, which is widely
used for determining the nonlinear features of univariate
time series. In the chaotic method, the nonlinear features
of a system are characterized based on the unique perfor-
mance of the characteristic parameters. The traditional
characteristic parameters are the Lyapunov exponent A
and correlation dimension D. The Lyapunov exponent \ is
used to analyze the chaotic characteristics of the system,

Table 1 Constituents of 7075-T6 aluminum
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and the correlation dimension D is used to characterize the
dynamic changes in the system state with time [21].

In this study, nine groups of burnishing process tests
were designed using the orthogonal test method, and the
burnishing friction coefficient signal and surface roughness
of each test group were collected. Based on the orthogo-
nal analysis method, the experimental parameters were
determined to obtain the best surface roughness, and the
tenth group of tests was performed. The power spectrum
method and the Lyapunov exponent method were used to
verify the chaotic characteristics of the burnishing process,
and the correlation dimension was used to obtain the cor-
relation with the surface roughness. The corresponding
relationship was verified using the test results of the tenth
experimental group.

2 Experiments

2.1 Experimental Materials and Equipment

The experimental material was annealed 7075-T6 alu-
minum alloy. Its main components are listed in Table 1.
Each sample was a rectangular plate of 65 mmx30
mm x10 mm. During the entire burnishing process,
the burnishing tool rotated and translated to the sam-
ple surface for processing, exhibiting a spiral feed, as
shown in Figure 1(a). The burnishing zone with an area
of 60 mmx26 mm was divided into two parts: one bur-
nished once (Zone A), and the other burnished twice
(Zone B), as shown in Figure 1(b). Zone B, with an area
of 10 mmx 26 mm, was the main research object, where
Areas 1, 2, and 3 represent the areas of the roughness
measurements. Before burnishing, the samples were
pre-processed using a grinding machine to ensure the

Figure 1 Burnishing process: (a) Burnishing path, (b) Burnishing area

Chemical element Si Fe Cu

Ti Mn Mg Cr Al

Content (Wt%) 0.36 042 1.58

0.1 0.17 245 0.225 Bal.




Yuan et al. Chinese Journal of Mechanical Engineering (2023) 36:2

good flatness of each sample surface. The sample sur-
face was then rinsed with alcohol to remove the surface
dust and other attached particles. A six-axis Kistler
force sensor was used to measure the burnishing force.
The main performance indices of the force sensor were
sensitivity of 6 mV/V, the linearity of 7% E.S, and hys-
teresis of 5% F.S. During burnishing, lubricating oil was
continuously added onto the sample surface, to lubri-
cate and remove the metal particles or debris generated
from the adhering burnishing process. The lubricating
oil was No.10 A-grade sewing machine oil, with a kin-
ematic viscosity (40 °C) of 6 mm?/s, a flashpoint (open-
ing) of 140 °C, and a pour point of — 5 °C.

The experimental equipment (Figure 2) consisted of
a plane burnishing tool, sample fixed platform, Kistler
force sensor, charge amplifier, and data collector. The
head of the burnishing tool was attached with 11 bur-
nishing balls distributed along the circumference to
improve the burnishing efficiency and expand the pro-
cessing area. The burnishing balls consisted of GCr15,
and their diameter, hardness, and yield strength were
10 mm, 63HRC, and 518 MPa, respectively. The bur-
nishing tool was installed on the spindle box of the
XK-714 computer numerical control milling machine
using clamps, and the spindle rotated to drive the rota-
tion of the burnishing tool. The Kistler force sensor
was mounted on the machining platform of the milling
machine using bolts, and the sample-fixing platform
was mounted on the Kistler force sensor using bolts.
During testing, the normal force was directly applied to
the sample surface and transmitted to the Kistler force
sensor through a sample-fixing platform. The analog
signals in the x-, y-, and z-directions during burnishing
were measured using the Kistler force sensor. Next, the
analog signals were amplified using the charge ampli-
fier, converted into discrete digital signals by an A/D
converter in the data collector, and stored in a com-
puter as data files.

8 e

Sample

“ \l I/][ Specimen fixed
¢ Y platform

‘ I

i

Force sensor

Data collector

Burnishing tool

Charge amplifier
Figure 2 Schematic of burnishing device
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Table 2 Orthogonal tests

Test Burnishing depth Spindle speed (r/ Feed rate

(mm) min) (mm/
min)

1 0.12 3000 70

2 0.12 2000 40

3 0.12 1000 10

4 0.09 3000 40

5 0.09 2000 10

6 0.09 1000 70

7 0.06 3000 10

8 0.06 2000 70

9 0.06 1000 40

2.2 Orthogonal Test Method

In this study, the effects of the burnishing depth, spin-
dle speed, and feed rate on the system behavior were
analyzed. The specific test scheme for the orthogonal
tests is presented in Table 2.

3 Results
3.1 Friction Coefficient

The machined lengths of the samples during the
tests were equal, and the feed rates of the tools in the
machined direction and the machined durations were
different. Therefore, the test was performed using the
equidistant sampling method to ensure the comparabil-
ity of the experimental data. The feed distance of the bur-
nishing tool in the test was 35 mm, and the number of
sampling points was 21000; thus, the sampling distance
was 1/600 mm. The first 20000 data points were used in
this study. The sampling frequency value was determined
experimentally according to the feed rate of the burnish-
ing tool, specifically f/v = 10, where fis the sampling fre-
quency, and v is the feed rate of the burnishing tool. The

Table 3 Orthogonal parameters

Test Processing time (s) Sampling
frequency f
(Hz)

1 30 700

2 525 400

3 210 100

4 525 400

5 210 100

6 30 700

7 210 100

8 30 700

9 525 400
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Figure 3 Time series of force signals of £x, Fy, and Fz extracted in Test
5

values of the processing time ¢ and sampling frequency f
for the different test parameters are listed in Table 3. By
taking Test 5 as an example, the forces along the x-, y-,
and z-axes in each test are denoted Fx, Fy, and Fz, respec-
tively, as shown in Figure 3, where the shadow between
Fx and Fy represents the overlapping part. It is evident
that the local fluctuation of the three forces is significant;
however, the fluctuation of the forces is relatively stable.
The burnishing friction coefficient was calculated as fol-
lows to comprehensively reflect the correlation between
the force and system behaviors during burnishing:

T o

l’l’_ FZ ’

where y is the burnishing friction coefficient.

0.09
0.08
0.07
0.06
0.05 m
0.04

0.03

Burnishing friction coefficient

. 2 3 4 5 6 1 8 9
Test

Figure 4 Burnishing friction coefficients in Tests 1-9
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Consequently, the time series of the friction coeffi-
cient was denoised. The wavelet method with db4_level8
was adopted, and the denoised signals of all the tests are
shown in Figure 4. The burnishing friction coefficient was
influenced by the burnishing depth. For Tests 7, 8, and 9,
the burnishing depth was 0.06 mm, and the amplitude
of the burnishing friction coefficient ranged between
0.4 and 0.5. For Tests 4, 5, and 6, the burnishing depth
was 0.09 mm, and the amplitude of the burnishing fric-
tion coefficient was between 0.05 and 0.06. For Tests 1, 2,
and 3, the burnishing depth was 0.12 mm, and the magni-
tude of the burnishing friction coefficient was 0.07-0.09.
When the depressing amount was 0.06 mm, the signal
fluctuated significantly. The main reason for this is the
shallow burnishing depth, and the contact between the
main shaft of the machine tool and the sample is insuffi-
cient. When a sample is processed, the inherent vibration
of the machine tool is transmitted to the sample, gener-
ating a significant fluctuation in the burnishing friction
coefficient signal. As the depression depth increases, the
signal fluctuations smoothen.

3.2 Surface Roughness

An Olympus OLS4000 laser scanning confocal micro-
scope with a measurement range of 259 um x 259 um
was used to characterize the burnished sample surfaces.
The device had an ultra-high level (0.12 um and a z-axis
resolution of 0.01 um). For the burnished samples, three
measurement points were selected in Zone B, as shown
in Figure 1(a), and the average value was used as the
evaluation index to determine the corresponding surface
roughness.

The surface roughness values for the aluminum alloy
samples after burnishing in all the tests are listed in
Table 4. The surface roughness value of the Test 3 sam-
ple was the highest, and that of the Test 8 sample was
the lowest. Significantly, the surface roughness values of
all the burnished samples were significantly lower than

Table 4 Surface roughness values for Test 1-9

Test Original surface roughness Burnishing surface
Sq (nm) roughness Sq (nm)

1 958 205

2 797 297

3 919 319

4 844 151

5 853 156

6 838 133

7 974 131

8 897 78

9 786 92
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those of the original samples, indicating that the bur-
nishing technique can improve the surface roughness.
Moreover, the surface roughness ranges were 200—300,
130-150, and 70-130 nm at burnishing depths of 0.12,
0.09, and 0.06 mm, respectively. This phenomenon
indicates that burnishing depth has the most significant
influence on surface quality. Test 1, 5, and 9 are taken
as examples because their test parameters include the
full range of the burnishing depth. The three-dimen-
sional topographies of Tests 1, 5, and 9 samples and
the original sample are depicted in Figure 5. The dif-
ference in the feature distribution can be determined
by observing the color of the sample surface and the
color scale. The original sample had the worst surface
smoothness, with an evident streak texture and poor
uniformity. The surface smoothness values of Tests 1,
5, and 9 improved significantly compared to that of the
original samples, the streak texture reduced, and the
surface was relatively flat. Test 9 had the best surface
smoothness, followed by Test 5, and finally, Test 1. This
is because burnishing causes plastic flow on the surface
of the samples, the surface roughness peaks plastically
and flows to fill the valleys, and the surface tends to
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be flat. An increase in the burnishing depth can cause
slight chipping on the microscopic surface of the sam-
ple, but the surface smoothness is still more significant
than that of the original specimen surface.

4 Discussion

4.1 Effect of Burnishing Parameters on Surface Roughness
The surface roughness value in Test 8 was the lowest,
and the surface smoothness was the best, when the bur-
nishing depth, spindle speed, and feed rate were 0.06
mm, 2000 r/min, and 40 mm/min, respectively (Table 4).
However, this is not necessarily the best combination of
the three factors and the three levels in Table 4. Hence,
the best surface smoothness was obtained to determine
the best combination. The relationships between the
burnishing depth and the average roughness, the spin-
dle speed and the average roughness, and the feed rate,
and the average roughness were plotted (Figure 6). When
the burnishing depth, spindle speed, and feed rate val-
ues were 0.06 mm, 3000, and 70 mm/min, respectively,
the average surface roughness was the lowest. This group
of parameters was defined as Test 10 of the burnishing
test. The measured surface roughness value was 72 nm,

(c) Test 5 (Sq =156 nm)

(d) Test 9 (Sq =92 nm)

Figure 5 Three-dimensional topography: (a) Original sample, (b) Test 1 (burnishing depth is 0.12 mm, spindle speed is 3000 mm, and feed rate
is 70 r/min), (c) Test 5 (burnishing depth is 0.09 mm, spindle speed is 2000 mm, and feed rate is 10 r/min), (d) Test 9 (burnishing depth is 0.06 mm,

spindle speed is 1000 mm, and feed rate is 10 r/min)
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Figure 6 Relationships between machining parameters and average roughness: (a) Burnishing depth and average roughness, (b) Spindle speed
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lower than the best surface roughness values in Table 4.
The surface roughness in Test 10 was considered the best
surface roughness.

Furthermore, the degree of influence of different bur-
nishing parameters on surface roughness was assessed.
The most significant factors influencing the surface
roughness were determined through range analysis.
The most significant influencing factor for the surface
roughness of the sample during burnishing is the bur-
nishing depth, followed by the feed rate, and finally, the
spindle speed (Figure 7).

4.2 Chaotic Characteristics of Friction Coefficient
Burnishing is a complex nonlinear process, in which
various disciplines, such as mechanics and material
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science, are combined. Nonlinear factors, such as sur-
face roughness and section hardness change signifi-
cantly at a specific burnishing depth, spindle speed,
and feed rate. This indicates that burnishing has cha-
otic characteristics that reveal a burnishing system, and
help in conducting on-line research on variations in
surface roughness with processing parameters during
burnishing.

4.2.1 Qualitative Analysis Using Power Spectrum Method
The power spectra of periodic and quasi-periodic signals
are discrete and consist of fundamental frequencies and
harmonics of various orders. The chaotic signal, owing to
its internal nonlinear action, causes the evolutionary of
the system to be stochastic; therefor, its power spectrum
is broadband and continuous [22]. This phenomenon can
be verified using the logistic mapping system, and its for-
mula is expressed as follows:

Xn+l = ux}'t(l - xn)’ me [0) 4‘]’xn € [07 1] (2)

The state of the logistic system changes with the vari-
able u; at u = 3.571, the system reaches a periodic state,
and at u = 3.9, the system enters a chaotic state. The
power spectra are shown in Figure 8. Figure 8(a) shows
a power spectrum diagram of a periodic system. Here,
the frequency corresponding to the tip protrusion parts
is the fundamental frequency, and the frequency corre-
sponding to the gentle parts is the harmonics, an integer
multiple of the fundamental frequency. Figure 8(b) shows
a power spectrum diagram of a chaotic system. In this
case, the power spectrum exhibits broadband, and con-
tinuous characteristics, and has no peaks.

Figure 9 shows the power spectral densities of the
burnishing coefficient friction for Tests 1-9. The power
spectra were broadband and continuous, and the trend
of the power spectrum first decayed rapidly and then
stabilized. This phenomenon implies that the burnishing

@
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N
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friction coefficient exhibits nonlinear characteristics and
induces stochastic evolution behaviors in the burnish-
ing system. This is an inherent characteristic of chaotic
systems. Some noise signals were mixed in the friction
coefficient signal owing to the vibration of the machine
during the burnishing process. Therefore, when the nor-
malized frequency is 0.18, 0.3, or 0.69 rad/m, the power
spectrum will have small peaks.

4.2.2 Quantitative Analysis Using Maximum Lyapunov
Exponent Method

The friction coefficient extracted from the burnish-
ing system, univariate time series X = {x;, %y, x5, ',
x,}, contains important system behavior information. It
is necessary to extend the friction coefficient to a high-
dimensional phase space to reflect the dynamic charac-
teristics of the burnishing system. According to Takens
theorem[23], the phase space reconstruction of the time
series of the friction coefficient is performed, and the
reconstruction matrix is expressed as follows:

1 X1X1+47 **  Xl+(m—1)7
Y, XX247 X2 (m—1)7

Y=1| . |= ) (3)
Yy XNXN+7 ** * EN+(m—1)7

where N = n — (m—1) r and is the number of vectors Y,
and # is the number of data points x; 7 is the time delay
calculated using the mutual information method [24],
as expressed by Eq. (4), and m is the optimal embedding
dimension calculated using the false nearest neighbors
method [25], the formula is given as Eq. (5):

I(X,Y) = 3, 37 Pay (%1, 7i) log, [#;qy(y))} @

where X is a discrete-time series (X = {xy, x,, %5, -, %.}),
Y is the time series of delaying 7 of X (Y = {x,,,, %y,

(b)

Power/frequency(dB/rad/sample)
A
S

0 0.2 0.4 0.6 0.8 1
Normalized frequency(*7 rad/sample)

Figure 8 Power spectrum diagram of periodic and chaotic systems: (a) Periodic system, (b) Chaotic system
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Table 5 Time delays and optimal embedding dimensions of friction coefficient signals in all tests

Test 1 2 3 4 5 6 7 8 9
Time delay T 22 25 26 22 22 23 28 25 14
Embedding dimen- 6 5 5 6 6 6 6 7 5
sionm

X340 uyo), and Py, (x; ) is the joint distribution prob-
ability at X=p;, ¥ = y,. Py(x,) and P, (y,) are the edge dis-
tribution probabilities.

>Rypi=1,2,...,N,
(5)

where R, is the distance between any two points in
m-dimensional phase space, R, is the distance between
any two points in the (m+1)-dimensional phase space,
Y, is a point in the m-dimensional phase space, Y7 is the
nearest neighbor of Y, r = 1, and R, is the threshold
value, with R,,; € [10, 50]. The values of time delay r and
optimal embedding dimension m for all the experiments
are listed in Table 5.

The Lyapunov exponent refers to the average rate
of change in two trajectories close to each other in the
phase space and separated or aggregated exponentially
over time. A chaotic system has an initial value sensi-
tivity; that is, for two very close initial values, the state
values are separated at a rapid speed through multiple
iterations. Therefore, the Lyapunov exponent A can be
used to determine whether the burnishing system is cha-
otic [26]. A system with chaotic characteristics can be
analyzed by calculating whether the maximum Lyapunov
exponent \ is greater than zero [27]. When A > 0, the sys-
tem is chaotic; when A = 0, the system is periodic; when A
< 0, the system will eventually tend to a fixed point.

In this study, the small-data volume method [28] was
used to calculate the maximum Lyapunov exponent A of
the friction coefficient with 21,000 points collected from
each test group. The calculation formula is expressed as
follows:

1
R Gn—R2Gr) |2 |Xi—X!|
RZ (i,r) T Ry

() = iz Lt Indj (@), ©6)

where dj(i) is the distance between each point x; in the
phase space and its closest point x; after i discrete time
steps, At is the sampling interval of the friction coeffi-
cient time series, and ¢g is the number of non-zero dj(i).
The slope of the curve, i — y (i), calculated using the least-
squares method in the region with good linearity, is the
maximum Lyapunov A. The maximum Lyapunov A values
of the friction coefficient signals in all tests are listed in

Table 6 Maximum Lyapunov exponents A for Test 1-9

Maximum
Lyapunov
exponent, A

Test

0.1512
0.0931
0.0232
0.0805
0.0108
0.5492
0.0169
0.5790
0.4305

O 0 N OO0 U1 A W N —

Displacement/z
7

2,
25 005 01

Figure 10 Phase trajectory of Test 5

Table 6. It can be observed that the maximum Lyapunov
A in each test exceeds zero.

The power spectrum method was used to verify that
the burnishing friction coefficient exhibited nonlinear
characteristics, and it was preliminarily determined
that the burnishing system exhibited chaotic char-
acteristics. Furthermore, if the maximum Lyapunov
exponent of the burnishing friction coefficient exceeds
zero, the burnishing system is verified to show chaotic
characteristics.

Because the burnishing system exhibits chaotic char-
acteristics, based on the variation in the burnishing



Yuan et al. Chinese Journal of Mechanical Engineering (2023) 36:2

friction coefficient with time, its phase trajectory in
the three-dimensional space converges in a small area.
Test 5 is taken as an example, and the phase trajec-
tory of the burnishing friction coefficient in the three-
dimensional space is shown in Figure 10. The phase
trajectories stabilize in a small region, and the phase
trajectories overlap but never intersect in the three-
dimensional space.

4.3 Relationship Between Correlation Dimension
and Surface Roughness

The correlation dimension is a parameter that describes
the positional relationship of phase points in phase space.
The larger the correlation dimension, the more concen-
trated the phase points, the more stable the system, and
the smoother the corresponding machined surface [29].
Based on the G-P algorithm proposed by Grassberger
and Procaccia[30-32], the correlation dimension D is
defined as follows :

C() = xv=n et Loty H (= 1Y: = Y1),
7)
D= lim 522, (8)
where C(7) is the correlation integral function, r is a small
scalar, Y; = {x, % - 5 X b =1L 27 N, N=n - (
m -1)1, n is the count of x,, H(-) is Heaviside step func-
tion. When the value in the brackets is greater than zero,
H(-) =1; when the value in the brackets is less than zero,
H(-) =0. D is the correlation dimension. When calculat-
ing correlation dimension D, the part with better linear-
ity of the Inr—InC(r) curve is selected and fitted linearly
using the least-squares method. The slope of the fitting
line represents the value of the correlation dimension D
of the time series {x1, x5, " ", x,}.

For the time series of the friction coefficient signals in
all tests, 21000 points were selected for each test to cal-
culate the correlation dimension. The Inr—InC(r) curves
are shown in Figure 11. Although the processing param-
eters are different, the variations in their curves are simi-
lar, starting from the first point and finally tending to
zero. The selection of the scale-free interval significantly
influences the correlation dimension D. Here, the bet-
ter linearity part is selected using the visual recognition
method, shown as the interval between two green lines
in Figure 10. Next, the slope value, which represents the
correlation dimension D, were calculated (Table 7). It
should be noted that the size of the attractor correlation
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Table 7 Correlation dimensions and surface roughness values

for Test 1-9

Test Surface roughness Sq (nm) Correlation
dimension D

1 205 4.239

2 297 39617

3 319 3.8956

4 151 45745

5 156 4.5385

6 133 46446

7 131 46624

8 78 49103

9 92 47751

dimension is not necessarily related to the magnitude of
the burnishing friction coefficient. This is because the
correlation dimension mainly reflects the stability of the
system, and the stability or fluctuation of the system state
is not necessarily related to the magnitude of the bur-
nishing friction coefficient.

The variation laws between the surface roughness val-
ues of the burnished samples and the correlation dimen-
sions of the friction coefficient signals during burnishing
are shown in Figure 12, where the blue part indicates the
roughness error band. The correlation dimension D in
Test 3 was the smallest, but its surface roughness value
was the largest. In contrast, the correlation dimension D
in Test 8 was the largest, but its surface roughness was the
smallest. The overall roughness levels of Tests 1-3 were
lower than those of Tests 4—6, and the overall roughness
levels of Tests 4—6 were lower than those of Tests 7-9.
The corresponding correlation dimensions exhibited the
opposite variation law. When the correlation dimension
curve exhibited a downward trend, the roughness curve
exhibited an upward trend. Thus, the variation trend of
the sample surface roughness is opposite to that of the
correlation dimension.

The conclusions were further verified using Test 10.
Test 10 parameters were obtained from the analysis of
the orthogonal experimental table using a surface rough-
ness value of 72 nm and a correlation dimension D of
5.1075. The roughness was lower than that in Test 3, and
the correlation dimension D was higher than in Test 3.
Therefore, the larger the correlation dimension, the lower
the surface roughness value, and the higher the surface
smoothness value. The variations in the friction coeffi-
cient with the burnishing duration for Test10, the three-
dimensional topography, and the Inr-InC(r) curve are
shown in Figure 13.



Yuan et al. Chinese Journal of Mechanical Engineering

InC(r)

(2023) 36:2

(a)
3’/
e "
o
//*’
-15 /
//'
Ei
-10 8 -6 4
Inr
5
(c)
0 F
5
ko3
sf*%*
*
’i‘
-2 10 8 6 4
Inr
5
(©
0
) /r
F
# */*/*
-10 #*
-15
Y,
=20
-12 10 -8 6 4
Inr
5
0
5
10 T
-15 g

Page 11 of 14

5
0
S 7
~ -5 R
O ¥
R '
: 3
-10 ¥
-15
v
20
-12 -10 -8 6 4
Inr
5
0
= s 7
5
=} X
= 0 >
,//’
15
y
20
-12 -10 8 -6 4 2
Inr
5
0
o
QO
=
= .10
-15 /
/
*
20
-0 9 8 76 5 4
Inr
5
0
g ot
=10 A
-15
/
20
09 3 7 6 -5 4 3

Inr
5
@@
0 /f
— &
~ -5 #
g *ﬁf;
= %
-10 S
x
-15 e
*
-20
-10 9 -7 -6 -5 -4 -3
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Figure 12 Variation law between correlation dimension and surface
roughness

5 Conclusions

1)

Based on the analysis of the surface roughness
variation in the orthogonal experiments, the
best surface roughness can be obtained using a
0.06 mm burnishing depth, 3000 r/min spindle
speed, and 70 mm/min feed rate. This conclu-
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sion was verified by Test 10. The most significant
factor influencing the surface roughness was the
burnishing depth, followed by the feed rate, and
finally, the spindle speed.

For the aluminum alloy burnishing system, the
nonlinear characteristics of the friction coeffi-
cient were analyzed qualitatively and quantita-
tively using the power spectrum and the maxi-
mum Lyapunov exponent. The results showed
that the friction coefficient had a continuous,
broadband power spectrum and a positive Lya-
punov exponent. The burnishing friction coef-
ficient exhibits chaotic characteristics, demon-
strating that the burnishing system is a chaotic
system.

By investigating the relationship between the
surface roughness of the burnished samples and
the correlation dimension of the friction coef-
ficient, the variation trend of the correlation
dimension was found to be opposite to that of
the surface roughness. The larger the correla-
tion dimension, the lower the surface roughness
value, and the higher the surface quality, which
was further verified using Test 10.
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Figure 13 (a) Variation in burnishing friction coefficient with burnishing duration for Test 10, (b) three-dimensional topography, and (c) the curve
of Inr-InC(r) curve
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(4) The friction coefficient can be extracted from the
burnishing process in real time, and the correla-
tion dimension can be calculated on-line. There-
fore, the evolution of the correlation dimen-
sion with the burnishing process can be used to
evaluate the surface roughness of the burnished
sample online. This aspect has essential applica-
tion prospects in achieving on-line monitoring of
burnishing quality.
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