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Abstract 

A novel two-dimensional ultrasonic surface burnishing process (2D-USBP) is proposed. 7075-T6 aluminum samples 
are processed by a custom-designed 2D-USBP setup. Parameter optimization of 2D-USBP is conducted to determine 
the best processing strategy of 7075-T6 aluminum. A uniform design method is utilized to optimize the 2D-USBP 
process. U13(133) and U7(72) tables are established to conduct parameter optimization. Burnishing depth, spindle 
speed, and feed rate are taken as the control parameters. The surface roughness and Vickers hardness are taken as 
the evaluation indicators. It establishes the active control models for surface quality. Dry wear tests are conducted to 
compare the wear-resistance of the 2D-USBP treated sample and the original sample. Results show that the machin-
ing quality of 2D-USBP is best under 0.24 mm burnishing depth, 5000 r/min spindle speed, and 25 mm/min feed 
rate. The surface roughness Sa of the sample is reduced from 2517.758 to 50.878 nm, and the hardness of the sample 
surface is improved from 167 to 252 HV. Under the lower load, the wear mechanism of the 2D-USBP treated sample is 
mainly abrasive wear accompanied by delamination wear, while the wear mechanism of the original sample is mainly 
delamination wear. Under the higher load, the accumulation of frictional heat on the sample surface transforms the 
wear mechanisms of the original and the 2D-USBP treated samples into thermal wear.
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1 Introduction
7075-T6 aluminum is widely used in automobiles, aero-
space, and other fields due to its low density, high pro-
cessability, high specific elastic modulus, and high 
specific strength [1–3]. Aluminum is an excellent struc-
ture material, but its surface performance is not very 
well, whose wear-resistance needs to be improved for 
broader industry applications [4–6]. Gradient nano-
structure is recognized as an effective surface structure 
to improve the wear-resistance of metal [7–11]. There 
are many methods to machine the gradient nanostruc-
ture on the material surface, such as laser shot peening 

[12], high energy shot peening [13], surface mechanical 
attrition treatment [14], and wire-brush [15]. Nonethe-
less, the methods mentioned above have disadvantages, 
which are easy to produce micro-cracks, unsatisfactory 
surface roughness, and thinner gradient nanostructure. 
Surface burnishing can realize continuous and controlled 
machining to produce gradient nanostructure with uni-
form thickness and smooth surfaces [16–18].

Researchers have achieved many research results in the 
field of surface burnishing. Lin et al. [19] found that surface 
burnishing can improve the comprehensive properties of 
the material surface, including hardness, surface rough-
ness, and residual compressive stress. Rotella et  al. [20] 
found that surface burnishing always improves the wear 
resistance of the components when cryogenic cooling and 
coated tools were employed. Bozdana et al. [21] introduced 
the ultrasonic field into the cryo-burnishing process to 
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machine Ti-6Al-4V, improved the surface hardness and the 
residual compressive stress of the sample with ideal surface 
roughness.

In the previous work of the research group, numerical 
simulation methods were introduced to investigate the 
varieties of grain sizes in the ultrasonic-assisted surface 
burnishing process and reveal the relevant mechanism. The 
gradient nanostructure layer was machined on 7075-alu-
minum samples by ultrasonic-assisted surface burnishing 
process. The introduction of ultrasonic vibration increases 
the thickness of the gradient nanostructure [22, 23]. Never-
theless, ultrasonic-assisted surface burnishing process has 
a higher coefficient of friction (COF) than surface burnish-
ing process, which not conducive to surface roughness [24]. 
In the machining process, the two-dimensional vibration 
can further optimize the cycle of stress loading, lessen the 
fluctuation of the machining force, and reduce COF. How-
ever, up to date, seldom researches have been committed 
to exploring the plane two-dimensional ultrasonic surface 
burnishing process (2D-USBP). Material surface integrity 
is sensitive to 2D-USBP processing parameters. At pre-
sent, the setting of processing parameters mainly depends 
on experience, resulting in large fluctuations in processing 
quality and low consistency. In order to improve the sta-
bility of the machining process, it is necessary to conduct 
an in-depth study on the influence of related processing 
parameters in the machining process.

In the present study, the uniform design method is pro-
posed to optimize the processing parameters of 2D-USBP. 
The surface roughness Sa and Vickers hardness of sam-
ples are characterized by a white light interferometer and 
Vickers hardness tester, respectively. Subsequently, active 
control models of surface roughness Sa and Vickers hard-
ness are established based on uniform design tables. The 
dry wear properties of the sample machined based on the 
optimized processing parameters are characterized by a 
scanning electron microscope (SEM) and a confocal laser 
scanning microscope (CLSM), then the corresponding 
mechanisms are discussed.

2  Uniform Design and Experiment
2.1  Experiment Material and Processing Equipment
The detailed compositions of the 7075-T6 aluminum (30 
mm ×50  mm ×10  mm) in the experiment are listed in 
Table 1. The surface roughness Sa of the sample used in this 
experiment is 2517.7 nm, and the surface Vickers hardness 
is 167 HV.

The schematic diagram and photo of the 2D-USBP 
setup are shown in Figure 1. Figure 1(a) shows the cus-
tomer-designed burnishing tool, where eleven balls are 
evenly distributed in the circumferential direction of the 
lower end. Under the action of the downward pressure, 
the balls make pure rolling contact with the sample, caus-
ing plastic flow on the surface and reducing scratches. 
Figure 1(b) shows the two-dimensional ultrasonic vibra-
tion platform that directly applies two-dimensional ultra-
sonic vibration to the sample with a vibration frequency 
of 20  kHz and an amplitude of 9   μm, resulting in the 
reduction of the machining force between the tool and 
the sample. Figure 1(c) shows the photo of the 2D-USBP 
device that was installed on an XK-714 CNC milling 
machine, of which the displacement accuracy is 1 μm, to 
precisely control the machining process according to the 
program. The essence of 2D-USBP is the surface plastic 
deformation caused by the impact and rolling contact 

Table 1 The detailed compositions of 7075-T6 Aluminum

Chemical element Si Fe Cu Zn Ti Mn Mg Cr Al

Content (Wt%) 0.36 0.42 1.58 5.8 0.11 0.17 2.45 0.225 Bal.

Figure 1 Schematic diagram and photo of the 2D-USBP setup. 
a Plane burnishing tool. b Two-dimensional ultrasonic vibration 
platform. c 2D-USBP device
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between the burnishing ball and the machined surface. 
The surface peaks undergo plastic flow to fill the free val-
leys, resulting in reducing the surface roughness. Plastic 
deformation activates dislocation movement and disloca-
tion proliferation, which changes the surface microstruc-
ture (dislocations, grains, phase structure) and increases 
the hardness.

2.2  Uniform Design Method
In order that the mapping relationship between process-
ing parameters and surface quality is considered compre-
hensively, active control models of surface quality were 
established based on uniform design [25, 26]. Burnishing 
depth, spindle speed, and feed rate were introduced as 
control parameters. Meanwhile, the surface roughness Sa, 
measured by the white light interferometer with a meas-
urement range of 500×500  μm, and Vickers hardness, 
measured by the HV-1000 hardness tester under 50  g 
load and 10 s loading time, were used evaluation indica-
tors. Three samples were machined for each set of param-
eters, and five measurement points were taken for each 
sample. Then, the average value was taken as evaluation 

indicators. Table  2 lists the available range of 2D-USBP 
processing parameters. A U13(133) uniform design table, 
listed in Table 3, was established according to Table 2.

After 2D-USBP the sample, acetone was used to remove 
the oil on the sample surface. The surface roughness Sa 
and the Vickers hardness were characterized, whose pre-
liminary regression equations were established based on 
the characterization results. In order to select the optimal 
processing parameters more accurately, a U7(72) uniform 
design table, listed in Table  4, was further established 
based on the preliminary regression equations.

2.3  Wear Test
Dry wear tests were conducted to compare the wear 
behavior of the original sample and the 2D-USBP treated 
sample by a CETR UMT-3 ball-on-disc tribometer. The 
upper sample was a GCr15 steel ball with a diameter of 
8 mm and hardness of 65 HRC. Three parallel dry wear 
experiments of each sample were conducted under 5 N, 
15 N, 25 N, and 35 N loads, respectively. During testing, 
the frequency, reciprocating stroke, and test time were 

Table 2 Available range of 2D-USBP processing parameters

Process parameter Value Reason

Burnishing depth (mm) 0.03‒0.39 <0.03, the sample cannot reach the yield strength

>0.39, the sample produces debris

Spindle speed (r/min) 200‒5000 <200, noticeable feed marks appear on the 
surface of the sample

6000 is the upper limit of the milling machine

Feed rate (mm/min) 10‒70 <10, the processing efficiency is low

>70, the uniformity of the surface is reduced

Table 3 U13(133) Uniform design table

Serial number Burnishing depth 
(mm)

Spindle speed 
(r/min)

Feed rate (mm/
min)

BD SS FR Surface roughness 
Sa (nm)

Vickers 
hardness 
(HV)

1 0.03 3400 60 1 17 12 598.22 190

2 0.06 1400 45 2 7 9 625.04 184

3 0.09 5000 30 3 25 6 202.48 222

4 0.12 3000 15 4 15 3 204.35 201

5 0.15 1000 70 5 5 14 120.58 202

6 0.18 4600 55 6 23 11 206.29 214

7 0.21 2600 40 7 13 8 97.7 219

8 0.24 600 25 8 3 8 110.17 234

9 0.27 4200 10 9 21 2 152.33 221

10 0.30 2200 65 10 11 13 273.01 224

11 0.33 200 50 11 1 10 248.89 232

12 0.36 3800 35 12 19 7 249.89 244

13 0.39 1800 20 13 9 4 184.63 175
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set at 2  Hz, 5  mm, and 1200  s, respectively. The wear 
scars were characterized by SEM and CLSM.

3  Results
3.1  Establish Regression Equation
In order to avoid that large-value parameter annihilate 
small-value parameter information, the values of the 
three parameters were linearly transformed, whose result 
is shown in Eqs. (1), (2), (3), respectively. The measure-
ment results of the surface roughness Sa and the Vickers 
hardness are shown in Table 3. Figure 2 shows the experi-
mental results of the U13(133) uniform design table.

Based on Table 3, the results were fitted to establish a 
surface roughness regression equation and a hardness 
regression equation.

The surface roughness regression equation is given as:

The hardness regression equation is given as:

3.2  Dry Wear Test
Figure 3 shows the average of COF at the steady stage 
in dry wear tests. Under various loads, COF of the 
2D-USBP treated sample is smaller than that of the 

(1)BD = burnishing depth /0.03,

(2)SS = spindle speed /200,

(3)FR = feed rate /5.

(4)
R =207.018× BD− 1230.962× BD0.5

− 34.822× (SS× FR)0.5

+ 0.27× BD× SS× FR+ 2060.914

(5)

V =− 2.311× BD
2
+ 48.973× BD+ 2.556× SS

+ 1.491× BD× SS− 1.134× SS× FR

− 50.753× FR
0.5

− 46.603× (BD× SS)0.5

+ 36.294× (SS× FR)0.5 + 165.428.

original sample, and COF of the two has a similar trend 
with the increase of load. With the increase of the load, 
COF of the 2D-USBP treated sample decreased from 
0.42 to 0.38 and stabilized around 0.38, while COF of 
the original sample decreased from 0.45 to 0.41 and 

Table 4 Surface roughness Sa prediction (nm)

BD SS

17 18 19 20 21 22 23 24 25

7 92.83 92.97 93.37 94.00 94.85 95.90 97.15 98.56 100.15

8 97.93 99.42 101.17 103.15 105.35 107.76 110.35 113.12 116.05

9 116.70 119.54 122.64 125.97 129.52 133.27 137.22 141.33 145.62

10 146.91 151.10 155.55 160.23 165.13 170.23 175.53 180.99 186.63

11 186.88 192.42 198.22 204.25 210.50 216.96 223.60 230.42 237.40

Figure 2 The experiment results of the U13(133) uniform design 
table. a Vickers hardness. b Surface roughness Sa
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stabilized around 0.41. The coefficient of variation, 
interquartile range of both decreased with the load 
increased. Under the same load, the coefficient of vari-
ation and interquartile range of the original sample are 
smaller than those of the 2D-USBP treated sample.

Figure  4 shows the cross-section of the wear scars 
measured by CLSM. Figure  5 shows the cross-section 
size of the wear scars (the maximum wear scar area, 
the maximum wear scar depth, and the maximum wear 
scar width) of the original sample and the 2D-USBP 
treated sample. Three samples were selected under the 
same test parameters, and the maximum size of each 
wear scar was recorded. Under the lower load (5  N, 
15 N, and 25 N), the wear scar size of the original sam-
ple is larger than that of the 2D-USBP treated sample. 
Under the higher load (35 N), the wear scar size is close 
to the original sample and the 2D-USBP treated sam-
ple. The wear scar size of the 2D-USBP treated sample 
increased approximately linearly under the lower load. 
Similar trends existed in the original sample. When the 
load is 35  N, the increase rate of both wear scar sizes 
suddenly increases. Figure 6 shows the wear weight loss 
of the original sample and the 2D-USBP treated sam-
ple measured by electronic balance. Under the lower 

load, the wear weight loss of the 2D-USBP treated 
sample is less than that of the original sample, and the 
gap between the two increases with the increase of the 
load. Under the higher load, the original sample and the 
2D-USBP treated sample have similar wear weight loss.

Figure  7 shows the wear scar morphologies of the 
original sample and the 2D-USBP treated sample by 
SEM. Figures  7(a), 7(c), 7(e) show that a large number 
of plough-like wear marks parallel to the sliding direc-
tion due to abrasive wear on the surface of the 2D-USBP 
treated sample, accompanied by irregular peeling areas 
caused by delamination wear. As the load increases, 
the degree of abrasive wear increases first and then 
decreases. Figure  7(g) shows that under 35 N load, the 
2D-USBP treated sample has a smoother wear scar, a 
smearing phenomenon caused by thermal wear. Figure 8 
also shows that under the 5 N load, the wear scar of the 
2D-USBP treated sample is mainly caused by abrasive 
wear accompanied by delamination wear. Meanwhile, 
under the 35 N load, the wear scar is mainly caused by 
thermal wear and accompanied by delamination wear. 
Figures  7(b), 7(d), and 7(f ) show that under the load of 
5 N, 15 N, and 25 N, many irregular peeling areas appear 
on the surface of the original sample due to delamination 
wear. Figure 7(h) shows that under the 35 N load, the sur-
face wear scar of the original sample is mainly caused by 
thermal wear.

4  Discussion
4.1  Parameter Optimization
Regression equations based on uniform design cannot be 
extrapolated, to the extent that the extremum can only 
be found in the regression equation domain. According 
to the regression Eq. (4), BD=7, SS=17, and FR=5 are 
regarded as the extremum of the U13(133) surface rough-
ness regression equation, which differs from the actual 
extreme value of only 0.39%. According to the regres-
sion Eq. (5), BD=11, SS=25, and FR=5 are regarded as 
extremum of the U13(133) hardness regression equation, 
which differs from the actual extreme value of only 0.05%.

Figure 9 and Figure 10 show that the U13(133) hardness 
regression equation and the U13(133) surface roughness 
regression equation at FR = 4, 5, and 6. When FR is in the 
range of 4‒6, there is only a slight difference in the shape 
and size of the hardness model and the surface roughness 
model. Both models are insensitive to changes near FR = 
5 and more sensitive to BD and SS. It can be considered 
that FR and BD, SS have no interactivity near FR = 5. 
Considering the hardness and surface roughness compre-
hensively, the surface machining quality of the material is 
close to the optimum value when FR = 5. Furthermore, 
Figure 9 shows that there is a strong interaction between 
SS and BD, where it have two better regions, which are 

Figure 3 Statistical values of COF. a Average. b Interquartile range 
and coefficient of variation
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BD = 7‒12, SS = 1‒3, and BD = 7‒11, SS = 22‒25. Fig-
ure 10 shows that BD has a more significant effect on Sa, 
with better results at BD = 5‒10, SS=5‒25. In order to 
establish more accurate regression equations. Take BD = 
[7, 8, 9, 10, 11], SS = [17, 18, 19, 20, 21, 22, 23, 24, 25], 
FR=5, then solve regression Eqs. (4), (5). The solution 
results are shown in Tables 4 and 5.

Table  4 shows that when BD=7, Sa grows slowly with 
the increases of SS. When BD=7, SS=25, the predicted 
value of Sa is only 7.89% larger than the extremum. 
Table 5 shows that when SS=25, the hardness decreases 
slowly with the decrease of BD. When BD=7, SS=25, 
the hardness prediction value is only 8.06% smaller than 
the extremum. Considering surface roughness and hard-
ness comprehensively, BD=7, SS=25, and FR=5 are the 
better parameters of surface machining quality. A new 
U7(72) uniform design table was established with BD=7, 
SS=25, and FR=5 to find the optimal combination of test 
conditions further. Table 6 lists the U7(72) uniform design 
table. Figure 11 shows the U7(72) uniform design experi-
ment results.

Based on Table 6, the results were fitted to establish a 
surface roughness regression equation and a hardness 
regression equation.

The surface roughness regression equation is given 
as:

The hardness regression equation is given as:

Table 7 shows the significance analysis for two regres-
sion equations. The coefficient of determination R2 of 
the surface roughness regression equation is 0.997. The 
sum of squares of  Sa regression explains 99.7% of the total 
sum of squares of the model, and the equation fits well. 
The significance of Eq. (6) is less than one-thousandth, 
and the model confidence is high. From the results of 
Table 7, the coefficient of determination R2 of the hard-
ness regression equation is 0.810. The sum of squared 

(6)
R =10.725× BD

2
+ 1.998× SS

2
− 171.793

× BD− 101.691× SS+ 2055.624.

(7)V = −4.568× BD2
+ 72.596× BD− 35.356.

Figure 4 Cross-section of dry wear scars. a 5 N load. b 15 N load. c 25 N load. d 35 N load
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regressions of hardness explains that 81.0% of the total 
square sum of the models, and the degree of equation fit-
ting is within the acceptance range. The significance of 
Eq. (7) is 3.6%, and the model confidence is high.

Figures  12 and 13 show the U7(72) surface roughness 
regression equation and the U7(72) hardness regres-
sion equation. When BD=8, SS=25, the two are close 
to the extremum, whose extremums are R=74.155  nm, 
V =253.06  HV. Therefore, the processing quality of 
2D-USBP is best under 0.24  mm burnishing depth, 
5000 r/min spindle speed, and 25 mm/min feed rate.

Figure  14 shows the 3-D profile of the 7075-T6 alu-
minum surface before and after 2D-USBP. After 
2D-USBP, surface roughness Sa of the sample is reduced 
from 2517.758 nm to 50.878 nm, and the Vickers hard-
ness is improved from 167 to 252 HV. The original tex-
ture of the sample surface disappeared, and the surface 
became flat.

4.2  Wear Behavior
When the friction pairs slide relative to each other, the 
two surfaces are subject to tangential resistance (fric-
tion) at the contact point due to mechanical engagement 
and molecular attraction. Therefore, the frictional resist-
ance during dry wear comprises two parts: the adhesion 
resistance and the plough resistance, of which adhesion 
resistance dominates. According to the modified adhe-
sion-plough friction theory, the friction force comprises 
adhesion force and plough force [27].

where T is the shear stress, A is the actual contact area, 
τb is the shear strength of the adhesion point, Pe is the 
plough force, S is the ploughed area, and pe is the plough 
force per unit area.

2D-USBP increases the surface hardness and smooths 
the sample surface, reducing the actual contact area 
between the friction pairs and the ploughed area. There-
fore, COF of the 2D-USBP treated sample is lower than 

(8)F = T + Pe = Aτb + Spe

Figure 5 Wear scar cross-section size of the original sample and the 
2D-USBP treated sample. a Maximum wear scar area. b Maximum 
wear scar depth. c Maximum wear scar width

Figure 6 Wear weight loss of the original sample and the 2D-USBP 
treated sample
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Figure 7 Partial morphology of the dry wear scars 
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the original sample. Figure 3(a) shows that COF decreases 
with increasing load, which is because of the non-linear 
relationship between actual contact area and the load. 
Figure 3(b) shows that under each load, the coefficient of 
variation and the interquartile range of COF of the origi-
nal sample is smaller than the 2D-USBP treated sample. 
Dry wear is a pulsating process in which sticking and 
sliding occur alternately, so COF inevitably undergoes a 
significant fluctuation phenomenon, the stick-slip phe-
nomenon [28]. COF is calculated by averaging the period. 
Therefore, in order to study the discrete characteristics of 
COF, it is necessary to study the discrete characteristics 
of the friction force and the loading force.

Table 8 shows the statistical results of the friction force 
and loading force collected during the dry wear pro-
cess. For the friction force, the interquartile range of the 
2D-USBP treated sample is more extensive than the origi-
nal sample, but the coefficient of variation has no distinct 
tendency for the two. The interquartile range represents 
the degree of concentration of the data, and the coef-
ficient of variation represents the degree of dispersion. 
Compared to the 2D-USBP treated sample, the data near 
the average of the original sample is more concentrated, 
while the data far from the average is more divergent. 
Figure  15 shows the microtopography of the cross-sec-
tion of the original sample and the 2D-USBP treated 
sample by a KEYENCE optical microscope. The surface 
grain of the original sample is coarse. After 2D-USBP, the 
surface grain has obvious plastic deformation and grain 
refinement, significantly improving the surface hard-
ness. Previous research by the research group shows 
that the grains on the surface of 7075-T6 aluminum can 
be refined to 15  nm [23]. The 2D-USBP treated sample 
keep nanocrystalline/ultrafine crystals on the surface, 
whose chemical activity is higher than the original sam-
ple surface. Because of the formation and shearing of the 

adhesive node during the dry wear process, the 2D-USBP 
treated sample is more prone to adhesion, resulting in 
that its friction force is less concentrated than the origi-
nal sample. The wear mechanism of the original sam-
ple is mainly delamination wear, and the generation 
and expansion of cracks can absorb and release friction 
energy. Therefore, the data near the average of the origi-
nal sample is more concentrated, while the data far from 
the average is more divergent. For the loading force, the 
interquartile range and the coefficient of variation of 
the 2D-USBP treated sample is more extensive than the 
original sample. During the sliding of the upper sample, 
the peak hardness of the contact point of the 2D-USBP 
treated sample is higher than the original sample. There-
fore, the loading force of the 2D-USBP treated sample 
is highly volatile. The volatility of the friction coefficient 
results from the combination of friction force and load-
ing force volatility.

Figures 4 and 5 show that when the load is 5‒25 N, the 
wear scar size of the 2D-USBP treated sample is pro-
portional to the load. This linear relationship has been 
reported in abrasive wear [28, 29]. Because the wear 
mechanism of the original sample is delamination wear, 
there is no such linear relationship. Under the load of 35 
N, the linear relationship of the 2D-USBP treated sam-
ple is destroyed, and the wear scar size of the 2D-USBP 
treated sample and the original sample are close. It is 
because the wear mechanism of the two has changed.

Figures  7(a), (c) shows that for the 2D-USBP treated 
sample, the wear mechanism under 5 N, and 25 N load is 
mainly abrasive wear accompanied by delamination wear. 
The abrasive particles are pressed into the friction surface 
by the normal force to form an indentation on the friction 
surface. Subsequently, under the action of the tangential 
force, the abrasive particles advance to shear, plow, and cut 
the friction surface. Figures 7(e), (g) show that as the load 

Figure 8 Dry wear morphology
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Figure 9 U13  (133) hardness regression equation 3-D map and contour map. a FR=4. b FR=5. c FR=6
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Figure 10 U13  (133) Sa model 3-D map and contour map. a FR=4. b FR=5. c FR=6



Page 12 of 17Zhou et al. Chin. J. Mech. Eng.           (2021) 34:19 

increases, the abrasive wear phenomenon gradually weak-
ens, hardly observed at the 35 N load. As the load increases, 
the temperature at the friction zone gradually increases, 
softening the upper sample and the friction surface. The 
increase in the temperature of the friction pair reduces 
the hardness of the abrasive particles, improves the ductil-
ity of the friction surface, and reduces the degree of abra-
sive wear. At 35 N load, thermal wear causes the surface to 
“smear”, transfers and rubs off surface particles [30].

Figures 7(b), (d), (f ) show that the delamination wear, 
generated thin and long lamellar wear debris, causes 
irregular detachment areas on the surface of the original 
sample. When the friction pairs slide against each other, 
the rough peak on the soft surface is easily deformed and 
broken under the cyclic load to form a smooth surface. 
During the dry wear process, the shear deformation accu-
mulates, causing dislocation accumulation at a certain 
depth below the surface, which leads to the formation of 
cracks or voids. The crack extends in a direction paral-
lel to the surface. When the crack propagates to a criti-
cal length, the material between the crack and the surface 
will peel off in the form of flaky wear debris. Figure 7(h) 
shows that the wear mechanism is a combination of ther-
mal wear and delamination wear, which is similar to the 
mechanism of Figure 7(g) and not repeated here.

The wear mechanisms between the 2D-USBP treated 
sample and the original sample are different because 
2D-USBP changed the mechanical properties and micro-
structure of the 7075-T6 aluminum surface. Figure  14 

shows that 2D-USBP improves the three-dimensional 
profile of the sample surface, making the material surface 
smoother. The coarse grains and large roughness of the 
original sample surface caused significant discontinui-
ties in composition and morphology, which constituted 
the source of stress concentration and caused the surface 
to experience higher stress cycles. 2D-USBP improves 
the uniformity of the sample surface and reduces stress 
concentration. Under the lower load, 2D-USBP improves 
the surface quality of the sample, resulting in reduced 
wear weight loss and reduced wear scar size. However, 
under the higher load, a large amount of heat is gener-
ated between the friction pairs, changing the microstruc-
ture and mechanical properties of the sample surface. 
Therefore, the difference in weight loss and wear scar size 
between the original sample and the 2D-USBP treated 
sample under the higher load is smaller than the differ-
ence between the two under the lower load.

5  Conclusions

(1) A novel high-efficiency surface burnishing tool 
is proposed, combined with a two-dimensional 
ultrasonic vibration platform to improve the sur-
face properties of 7075-T6 aluminum. U13(133) 
and U7(72) uniform design tables are established 
with burnishing depth, spindle speed and feed rate 
as control parameters, and surface roughness Sa, 

Table 5 Vickers hardness prediction (HV)

BD SS

17 18 19 20 21 22 23 24 25

7 232.24 234.52 236.95 239.50 242.17 244.95 247.83 250.80 253.87

8 236.79 239.55 242.48 245.55 248.77 252.12 255.60 259.19 262.88

9 238.86 242.15 245.64 249.30 253.13 257.11 261.23 265.49 269.87

10 238.09 241.97 246.07 250.36 254.85 259.50 264.32 269.29 274.39

11 234.22 238.73 243.48 248.46 253.64 259.01 264.56 270.27 276.14

Table 6 U7(72) uniform design table

Serial number Burnishing depth 
(mm)

Spindle speed (r/
min)

Feed rate (mm/
min)

BD SS FR Surface 
roughnessSa (nm)

Vickers 
hardness 
(HV)

1 0.18 5200 25 6.00 26 5 112.756 231

2 0.2 4600 25 6.66 23 5 106.624 235

3 0.22 5600 25 7.33 28 5 101.996 244

4 0.24 5000 25 8.00 25 5 76.138 252

5 0.26 4400 25 8.66 22 5 98.135 246

6 0.28 5400 25 9.33 27 5 82.497 233

7 0.3 4800 25 10.0 24 5 130.897 225
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Figure 11 Experiment results of the U7(72) uniform design table. a Vickers hardness. b Surface roughness Sa
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Table 7 Significant analysis of regression equations

Model Sum of squares df Mean square F Significant

R Regression 3343505.62 4 835876.407 5231.812 .000b

Residual 479.30 3 159.768

Total 3343984.93 7

R=0.999, R2=0.997, adjusted R2=0.996

V Regression 348.635 2 174.317 8.543 .036b

Residual 81.621 4 20.405

Total 430.255 6

R=0.900, R2=0.810, adjusted R2=0.715

Figure 12 U7(72) surface roughness regression equation. a 3-D map. b Contour map

Figure 13 U7(72) hardness regression equation. a 3-D map. b Contour map
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Vickers hardness as evaluation indicators. Based 
on the results of the uniform design tables, sur-
face quality regression equations are established 
to optimize 2D-USBP processing parameters. The 
optimal machining strategy for 7075-T6 is 0.24 mm 
burnishing depth, 5000  r/min spindle speed, and 
25 mm/min feed rate.

(2) 2D-USBP reduced the surface roughness Sa of the 
7075-T6 aluminum from 2517.758 to 50.878  nm 
and increased the Vickers hardness of the 7075-
T6 aluminum surface from 167 to 252  HV. The 
original texture of the sample surface disappeared, 
the surface became flat, and the surface hardness 
increased. Therefore, under different loads, the fric-
tion coefficient of the 2D-USBP treated sample is 
smaller than the original sample.

(3) Dry wear experiments show that under the lower 
load, the wear mechanism of the 2D-USBP treated 
sample is abrasive wear, and the original sample 
is delamination wear. The wear weight loss and 
the wear scar size of the 2D-USBP treated sam-
ple are much smaller than the original sample. 
2D-USBP reduces the unevenness of the sample 
surface, refines the grains in the surface layer, and 
improves the surface hardness, making the sam-
ple has a better wear-resistance. Under the higher 
load, the accumulation of frictional heat transforms 
the wear mechanism of the original sample and the 
2D-USBP treated sample into thermal wear, which 
reduces the wear weight loss and the wear scar size 
gap between the two samples.Figure 14 Surface 3-D profile. a Original sample. b 2D-USBP treated 

sample

Table 8 Friction and loading force statistics

T means the 2D-USBP treated sample, O means the original sample

T5 N O5 N T15 N O15 N T25 N O25 N T35 N O35 N

Friction force Average value 2.22 2.25 6.20 6.22 10.18 10.33 14.34 14.49

Interquartile range 0.725 0.691 2.876 2.223 4.311 4.185 6.960 5.762

Coefficient of variation 0.262 0.262 0.324 0.297 0.333 0.331 0.354 0.355

Loading force Average value 4.99 4.99 14.99 14.99 24.99 24.99 34.97 34.95

Interquartile range 0.648 0.585 1.503 1.401 2.456 2.036 2.964 2.254

Coefficient of variation 0.086 0.070 0.059 0.051 0.052 0.047 0.048 0.041
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