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Abstract

Microstructures with proper patterns have an important influence on the functional surface performance of products, including
changing surface wettability for different application environments. This paper proposed a method of feed-direction ultrasonic
vibration-assisted turning (FUVAT) for fast generation of micro-textured surface. The generation mechanism of surface micro-
structures was presented by analyzing cutting trajectory and simulating surface topography. Surface texturing experiments were
performed on copper 1100. The results show that micro-dimples with regular arrangement and different dimension were suc-
cessfully obtained on cylindrical surface by controlling proper processing parameters. Several key parameters including ampli-
tude, feed rate, and spindle speed play an important influence on the patterns and shapes of microstructures. The experimental
textured surfaces show different wetting properties through wetting tests. It is verified that the FUVAT can be a feasible way to
fabricate micro-textured surfaces.

Keywords Micro-textured surface - Feed-direction ultrasonic vibration-assisted turning - Surface generation mechanism - Wetting

property

1 Introduction

Micro-textured surfaces with proper patterns and shapes of
microstructures are widely used to improve the functional per-
formance of parts [1]. In many biomedical and industrial ap-
plications, the method of modifying the surface microstruc-
tures to change the wetting property has become an important
way to fabricate superhydrophobic or hydrophilic surfaces [2,
3]. For examples, windshields with the superhydrophobic tex-
tured surfaces possess self-cleaning function in an automobile
[4] and titanium alloys with hydrophilic textured surfaces can
enhance the adhesive bonding [5]. With the increasing appli-
cation of textured surfaces, it is necessary to develop a cost-
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effective and efficient method to generate microstructures on
surfaces [6].

Vibration-assisted cutting (VAC) technique is a combined
machining method, which changes the material removal
mechanism from continuous cutting to intermittent cutting
by applying ultrasonic vibration to one or more directions of
the tool or workpiece [7]. Compared with conventional
cutting, VAC has obvious advantage in machining
difficult-to-machine material [8—10], reducing cutting force
[11], improving tool life [12], and achieving better surface
finishing [13]. Recent years, with ever-growing demand for
micro-textured surface processing technology, the VAC tech-
nique has been used to fabricate microstructures on surfaces,
especially for elliptical vibration cutting [14]. Among which,
Guo [15, 16] proposed a method of elliptical vibration textur-
ing to generate microstructures on cylindrical surfaces and
systematically studied the influence of different microstruc-
tures on the wettability of textured surfaces; Xu [6, 17, 18]
successfully applied a novel rotary ultrasonic texturing meth-
od to fabricate different tailored microstructures on flat and
inner cylindrical surfaces with one-point diamond tool
recently.

Nevertheless, there are few researches on the generation of
textured surface using one-dimensional vibration-assisted
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cutting so far, although Schubert et al. [19-21] studied the
micro-structured surfaces generated by ultrasonic vibration
cutting in cutting direction, radial direction, and feed direc-
tion, respectively. However, the feed rate was much larger
than the vibration amplitude in the feed-direction vibra-
tion-assisted cutting. As a result, the wide and deep
grooves on surfaces were not removed because of the
little influence of vibration amplitude. Considering the
ultrasonic vibration in feed direction can change the
feed rate and cutting trajectory, which can result in the
change of surface topography, the paper proposed the
method of feed-direction ultrasonic vibration-assisted
turning (FUVAT) to fabricate micro-textured surfaces.
This method includes only one-dimensional ultrasonic
vibration, whose advantages are fast generation and sim-
ple processing. Unlike previous studies, the feed rate
and vibration amplitude of FUVAT have the same order
of magnitude, which can fabricate different patterns and
shapes of microstructures and generate more regular
micro-textured surfaces. The texturing generation mech-
anism was analyzed and textured surfaces were fabricat-
ed successfully in experimental tests. The wetting prop-
erties of micro-textured surfaces were also measured and
analyzed to provide a foundation for further application
of the FUVAT technique.

2 Generation mechanism of micro-textured
surface

2.1 Textured generation procedure
Figure 1 shows the process of FUVAT. Workpiece rotates at a
speed of n around Z-axis. The ultrasonic vibration is added to

make the cutting tool vibrate in feed direction. The ultrasonic
vibration in the feed direction periodically changes the feed
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Fig. 1 Schematics of the FUVAT process
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rate and the resulting feed rate can be calculated according to
the following formula [19]:

Sy = S + Asin(27tft) (1)

where S, is the resulting feed rate, S is the initial feed rate, A is
the vibration amplitude, and f'is the frequency of ultrasonic
vibration. The maximum fluctuation range of feed rate is 2A.
The cutting tool can make a sinusoidal movement along the
cutting direction.

Figure 2 shows the cutting motion trajectory of FUVAT on
the ¥-Z plane. There are four parameters influencing the mo-
tion trajectory of cutting edge, including A, S, ¢, and d.. ¢ is
the phase difference between two adjacent cutting trajectories,
which can be expressed as follows:

SENACH -

n n

where fis the ultrasonic frequency and 7 is the spindle speed.
d. is the dimension of one vibration cycle in cutting direction,
which can be calculated by the following:

dc = Vc/f (3)

where V. is the cutting speed.

The cutting motion trajectory can be controlled by choos-
ing proper processing parameters, which results in the fabri-
cation possibility of micro-textures on cylindrical surface.
Figure 3 shows the motion trajectory of the cutting tool con-
trolled by adjusting ultrasonic amplitude under given ultrason-
ic frequency, feed rate, and phase difference. When 2A = S
and ¢ = 7, the adjacent cutting trajectories are in critical cross-
ing state; when 2A < S and ¢ = 7, the adjacent cutting
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Fig. 2 Motion trajectory of the cutting tool
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Fig. 3 Cutting trajectory under a Feed direction
different ultrasonic amplitudes
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trajectories do not present crossing state; and when 2A > S and
o =, the adjacent cutting trajectories are in obvious crossing
state. The workpiece can obtain various surface topographies
by changing the cutting trajectory in FUVAT.

2.2 Simulation analysis of surface topography
generation

For better understanding and prediction of micro-textured sur-
face generation in FUVAT, a surface topography generation
model is used to simulate the FUVAT progress and the 3D
surface topography. The model was obtained by revised
Guo’ and Sajjady’ models [15, 22] which were not used to
simulate textured surfaces in the process of ultrasonic
vibration-assisted cutting in feed direction. To simplify the

Fig. 4 3D simulation surfaces of
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algorithm program of the surface topography generation mod-
el, the minimum chip thickness and elastic recovery are not
considered in the current simulation algorithm. In the simula-
tion model, the tool geometry parameters, including the rake
angle, nose radius, and clearance angle, are determined ac-
cording to the actual tool used in experimental tests. The rake
angle, clearance angle, and nose radius are 0°, 7°, and 100 pm,
respectively. Besides, in the simulation process of FUVAT, the
dimeter of workpiece is 22 mm, the ultrasonic vibration fre-
quency is 20 kHz, the depth of cut (DOC) is 0.2 mm, and the
amplitude is kept at 10 pm.

The surface topography generation model is realized by the
Matlab program. Figure 4 shows the 3D surface topography of
FUVAT under different parameters. Figure 4(a—) shows the
surface topography influenced by different feed rates under
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DOC of 0.2 mm, amplitude of 10 wm, and spindle speed of
300 r/min. It can be seen that a sinusoidal ridge is generated
between grooves. The width of the formed sinusoidal ridge is
determined by the feed rate mainly. With decreasing in the
feed rate, the influence of amplitude on the sinusoidal ridge
becomes more and more obvious. As shown in Fig. 4(c, d),
with spindle speed increasing from 300 to 450 r/min, the dis-
tribution of textured surfaces changes from a sinusoidal pat-
tern to a protruding pattern because of the changing of ¢
increasing from 0 to 1.37t. The distance between the adjacent
protruding ridge along the cutting direction is equal to d, and
therefore the patterns become sparse because of the increasing
of spindle speed.

The textured surfaces can be theoretically obtained by sim-
ulation results of the surface topography. It provides a basis for
further experimental study on the micro-textured surface gen-
erated by FUVAT. In the following, experimental tests were
carried out to fabricate microstructures on cylindrical surface.

3 Experimental details

The experimental setup for the FUVAT process is shown in
Fig. 5. The experimental tests were carried out on a CNC lathe
(PRECION, CKD6150H). The ultrasonic transducer with vi-
bration frequency of 20 kHz was mounted on platform of the
CNC lathe through a base. An intelligent ultrasonic generator
is used to provide the power to the ultrasonic transducer. The
range of ultrasonic amplitude is from 0 to 10 pm. The spindle
speeds were set around 300, 450, and 600 r/min. The depth of
cut was set at 0.2 mm. The feed rates were set at 20, 40, and
60 um/rev.

The investigations of micro-textured surfaces generated by
FUVAT were carried out on the copper 1100 because of its

Fig. 5 Experimental setup for the
FUVAT process
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good ductility. To eliminate the eccentricity as far as possible,
the cylindrical copper workpiece was firstly pre-turned to
reach the external diameter of 22 mm without ultrasonic vi-
brations. The cutting insert (Sandvik Coromant,
DCGT11T301) was a cemented carbide tool with a nose radi-
us of 100 um. The rake and clearance angle of the cutting tool
were 0° and 7°, respectively. All the experimental conditions
of FUVAT were summarized in Table 1.

4 Results and discussions
4.1 Experimental micro-textured surface
4.1.1 Effect of amplitude

A laser microscope (KEYENCE, VK-9700) was used to
observe and analyze the surfaces fabricated by FUVAT.
Figures 6(a, b) and 7 show the surfaces generated by
FUVAT under ultrasonic amplitudes of 0, 5, and 10 pum,
respectively. Figure 6(a) shows the surface topography
when amplitude is 0 wm, which is equivalent to the con-
ventional turning process. Because that wear and peeling
factors exist in the cutting process of copper 1100, the
surface shows a row of irregular grooves. On the contrary,
when the amplitudes are 5 and 10 um, cylindrical surfaces
with different regular microstructures were successfully
fabricated, which were shown in Figs. 6(b) and 7, respec-
tively. From Fig. 6(b), it can be observed that the textured
surface with sinusoidal ridges was fabricated. With the am-
plitude increasing to 10 pwm, the microstructures of tex-
tured surface become compactly arranged dimples because
of the change of cutting trajectory, as shown in Fig. 7(a).
The distance between the arranged dimples along the feed
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Table 1 Experimental conditions

Tool geometry Material Cemented carbide
Rake angle (°) 0
Clearance angle (°) 7
Nose radius (pm) 100

Workpiece Material Copper 1100
Diameter (mm) 22

Machining conditions  Vibration frequency (kHz) 20

Vibration amplitude (um) 0, 5, 10
Spindle speed (r/min) 300, 450, 600
Feed rate (um/rev) 20, 40, 60

DOC (depth of cut) (mm) 0.2

direction is 20 pwm, which is determined by the feed rate.
Figure 7(b) shows the cross-sectional profile of arranged
dimples along the cutting direction. Through measurement,
the average values of d; (dimension between adjacent dim-
ples) and d,,; (depth of dimple) are 17.2 and 0.6 pm, re-
spectively. Under the same processing parameters, d. is
calculated to be 17.3 pm through Eq. (3), which is approx-
imately equal to d,. Therefore, the dimension between ad-
jacent dimples along the cutting direction is determined by
the cutting speed and ultrasonic frequency. The cross-
sectional profile exists some small fluctuation, as shown

in the red circle area in Fig. 7(b). This is due to the cutting
scratches caused by friction during the process of the ma-
terial removal, which is shown in the yellow circle area. It
can be found from Figs. 6 to 7 that regular textured sur-
faces can be fabricated by changing the ultrasonic
amplitude.

4.1.2 Effect of spindle speed

When DOC is 0.2 mm, the feed rate is 20 wm/rev, and
amplitude is 10 pm, micro-textured surfaces fabricated un-
der the spindle speeds of 450 and 600 r/min were shown in
Figs. 8 and 9, respectively. Compared with Fig. 7, the pat-
terns of microstructures become sparser in the cutting di-
rection and regular elliptical dimples cover the cylindrical
surface. The average values of d,, d,, ds, and d,; were
measured to be 24.6, 1.1, 32.5, and 1.0 um, respectively.
The depths of dimples generated under 450 and 600 r/min
are approximately the same, but they are greater than those
of dimples generated under 300 r/min. This is because that
the edge of dimples generated under 300 r/min has more
cutting scratches compared with others, which results in
the smaller depth. The values of d, under 450 and 600 r/
min are calculated to be 25.9 and 34.5 um, which are ba-
sically consistent with d, and d3, respectively. With the
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Fig. 6 Surfaces fabricated by FUVAT under processing parameters of # =300 r/min, DOC =0.2 mm, and S=20 pm/rev. (a) A=0 pm. (b) A=5 pm
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Fig. 7 Micro-textured surface fabricated by FUVAT (n =300 r/min, DOC =0.2 mm, S=20 um/rev, A =10 pm): (a) surface topography and (b) the

cross-sectional profile along the cutting direction

spindle speed increasing from 300 and 450 to 600 r/min,
the dimension between adjacent dimples correspondingly
becomes from 17.2 and 24.6 to 32.5 pum owing to the
increasing of d.. Therefore, the spindle speed has an im-
portant influence on the arrangement of microstructures
along cutting direction.
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Fig. 8 Micro-textured surface fabricated by FUVAT (n =450 r/min,
DOC =0.2 mm, §=20 um/rev, A =10 pm): (a) surface topography and
(b) the cross-sectional profile along the cutting direction
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4.1.3 Effect of feed rate

When DOC is 0.2 mm, spindle speed is 300 r/min, and am-
plitude is 10 um, surfaces fabricated under feed rate of 40 and
60 um/rev were shown in Fig. 10(a, b), respectively. Different
from the micro-textured surface generated under the feed rate
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Fig. 9 Micro-textured surface fabricated by FUVAT (n =600 r/min,
DOC =0.2 mm, §=20 um/rev, A =10 pm): (a) surface topography and
(b) the cross-sectional profile along the cutting direction
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Fig. 10 Surfaces fabricated by FUVAT under processing parameters of
7 =300 r/min, DOC =0.2 mm, and A = 10 um. (a) S =40 um/rev. (b) S =
60 um/rev

of 20 um/rev, the dimples became less highlighted and were
replaced by obvious grooves gradually with the increasing of
feed rate. An apparent sinusoidal ridge was also generated
between grooves because of the sinusoidal cutting path.
When amplitude remains unchanged and feed rate increases,
the influence of amplitude on generating microstructures be-
comes more and more small. Therefore, only when feed rate
and amplitude have the approximately same order of magni-
tude, micro-dimples with regular patterns and shapes can be
fabricated by FUVAT.

4.2 Comparison of experimental and simulation
results

By comparing the surface topographies in Fig. 4(a, b) with
those in Fig. 10(a, b), simulation topography is similar to
experimental topography when feed rates are 40 and
60 um/rev, respectively. A small difference is that the
widths of the experimental sinusoidal ridge were measured
to be 22.3 and 26.5 um respectively, which are less than
those of simulation. This is caused by the possible reducing
of amplitude under loading and extruding peeling of mate-
rial. However, when feed rate is 20 pm/rev, experimental
topography shows big difference with simulation topogra-
phy apparently, by comparing Fig. 4(c, d) with Figs. 7 and
8, respectively. One difference is that cutting scratches were

cutting direction

NS .
Rs o) iﬂ\‘ xi‘%&tk v
-

feed direction

Fig. 11 The adjusting ¢ in experimental textured surface (n =450 r/min,
DOC =0.2 mm, §=20 um/rev, A =10 pm)

created at the surface of microstructures of experimental
tests, which can be the result of cutting friction during
material removal. Another difference is that experimental
textured surfaces were covered with regular dimples; on
the contrary, the simulation surfaces in Fig. 4(c, d) were
covered with sinusoidal grooves and protruding patterns,
respectively. This is because of the following reasons:
The simulation is based on a simplified model without
considering minimum chip thickness, elastoplastic deforma-
tion, and adhesion of tool which exist in the real process of
FUVAT; the variance of spindle speed is about +2% in the
CNC lathe, resulting in the actual bias of ¢, which can be
verified by adjusting ¢ (¢; # @2 # 3) in the experimental
textured surface, as shown in Fig. 11. Because of the large
plastic deformation of copper 1100 and the impactive shear
extrusion process of the cutting tool, the protruding ridges
may be connected together to form dimples. Furthermore,
for predicting the surface topography of FUVAT accurately,
a more optimized model needs to be established in the
future research work.

Fig. 12 Schematic of water contact angle measurement on cylindrical
surface
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A=0 pm
#=300 r/min
S=20 pm/rev
DOC=0.2 mm

A=10 pm
n=300 r/min
S=20 pm/rev
DOC=0.2 mm

Fig. 13 Water contact angles of four surfaces fabricated by FUVAT

4.3 Wetting properties

To study the wetting properties of textured surfaces generated by
FUVAT, a professional water contact angle measurement device
(POWEREACH, JC2000D1) was used to carry out the wetta-
bility tests. Before the tests, the samples were cleaned in an
ultrasonic clean machine with alcohol for 30 min to wash off
any residual chips and dried in air environment for 60 min. The
water used in the wettability tests was deionized water and the
volume of water droplets was all kept at 2 uL.. To reduce the
random errors, each surface was measured four times and the
mean value was taken as the final experimental result. The ses-
sile drop method was used to calculate the water contact angle in
feed direction to evaluate the wetting properties of cylindrical
surfaces, which is shown in Fig. 12. The water contact angle can
be calculated according to the following formula [23]:

6 = 2arctan (%) (4)

where 4 and D are the height and width of the water droplet,
respectively.
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A=5 pm
7=300 r/min
S=20 pm/rev
DOC=0.2 mm

A=10 pm
n=450 r/min
S=20 pm/rev

The measured water droplet angles of four surfaces fabricated
by FUVAT are shown in Fig. 13. Compared with the surface
fabricated by the turning without ultrasonic vibration, it can be
found that the hydrophilicities of two textured surfaces are en-
hanced because of the water contact angles decreasing from
84.02° to 69.67° and 70.85° respectively, as shown in
Fig. 13(a, c). On the contrary, another textured surface with
the water contact angle of 94.73° shows stronger hydrophobicity
than others owing to the sparse patterns and regular elliptical
dimples, as shown in Fig. 13(d). From the analysis of measure-
ment results, the microstructures on cylindrical surfaces fabricat-
ed by the FUVAT have an important influence on the wettability.

5 Conclusions

Based on the results and analysis in the present paper, the
following conclusions can be drawn.

1. Simulation results preliminarily proved the theoretical
feasibility of the FUVAT in generating micro-textured sur-
faces on the whole.
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2. Micro-textured surfaces were fabricated successfully
through experimental tests of the FUVAT. The ultrasonic
amplitude, feed rate, and spindle speed play an important
influence on the patterns and shapes of microstructures.
Regular arrangement of micro-dimples can be generated,
when feed rate is 20 um/rev and amplitude is 10 um
(peak-to-peak is 20 um), which have the approximately
same order of magnitude. With the increasing of spindle
speed, the dimension between adjacent dimples along cut-
ting direction increases.

3. According to wetting tests, the experimental textured sur-
faces present different wetting properties, which provides
a foundation for further application. Different hydrophilic
or hydrophobic surfaces can be obtained through chang-
ing processing parameters of the FUVAT.

4. The FUVAT is proved to be a relatively simple and effec-
tive way to fabricate micro-textured surfaces. The advan-
tage of this method is that the process only needs one
step—that is, adding ultrasonic vibration to feed direction
of the conventional turning.
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