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Abstract

Although axial ultrasonic vibration-assisted milling (AUVAM) is promising for rapid and economical fabrication of 3D
micro-texture on various surfaces, it has been a challenge to obtain micro-texture with small feature size and large height
simultaneously. The mechanism and major influence factors for the formation of micro-texture by this method were explored
in this study. It was found that the generation of micro-texture was mainly caused by cutting and extrusion from the flank
face of the milling tool under ultrasonic vibration. Therefore, a novel 3D tool model that considered the relief angle, end
cutting edge angle and the blade profile was established in simulation analysis. The good agreement between simulation
and experimental results demonstrated that the influence of the flank face on the micro-texture was mainly attributed to the
relief angle of the milling tool. It was the first time to report that both the height and the profile shape of the micro-texture
unit were affected by the overlap and extrusion between the flank surface and the micro-texture. But this influence dimin-
ished with the increase of spindle speed. 3D sinusoid-shaped micro-texture with minimum width of 20 pm and height of
2 pm (fully reproduced the ultrasonic amplitude) was realized with the relief angle of 40° and spindle speed of 4000 rpm.
Other typical textures of weave, shell, scale and corrugation were also presented to show the effective regulation of texture
patterns in AUVAM. This work provides both theoretical and practical basis for such a low-cost, efficient and controllable
3D micro-texture preparation method.

Keywords Axial ultrasonic vibration-assisted milling (AUVAM) - Micro-texture - Generation mechanism - Relief angle -
Spindle speed

1 Introduction

Micro-textured surface has been widely used in the fields of
optics [1-3], biomedicine [4—-6] and mechanical engineer-
ing [7, 8] due to its diverse applications in self-cleaning [9],
drag and friction reduction [10, 11]. Along with the increas-
ing demands of micro-textured surface in industry, various
artificial manufacturing technologies have arisen, such as
reactive ion etching (RIE) [12], lithographic galvanofor-
mung abformung (LIGA) [13], laser surface texturing (LST)
[14] and electrochemical technology [15]. However, most of
the above-mentioned methods are not competent for large-
scale production owing to their disadvantages of expensive
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equipment or cumbersome process. In contrast, ultrasonic-
assisted traditional machining technology [16] is a poten-
tial method to overcome the above-mentioned problems, by
which rapid and low-cost fabrication of micro-texture can
be realized.

Milling has been proven to be one of the most com-
petent traditional machining methods due to its advan-
tages in efficiency, applicability and stability. Ultrasonic
vibration-assisted milling (UVAM) [17-20] is a non-
traditional machining method, which exerts extra high-
frequency vibration on tool or workpiece during milling
process. Ultrasonic vibration-assisted mechanisms are
designed to excite ultrasonic vibrations, and the core
component is the transducer [21, 22]. Feng et al. [23-27]
carried out a systematic study of UVAM, which theoreti-
cally explained the mechanism of improving machining
quality and reducing cutting force. Particularly, micro-
texture possessing specific function can also be achieved
by UVAM. Shen and Tao [28] fabricated micro-texture on

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-022-09974-8&domain=pdf

1652 The International Journal of Advanced Manufacturing Technology (2022) 122:1651-1667

aluminum alloy surface using UVAM and demonstrated
great improvement in lubricant absorption and reserva-
tion capacity. Chen et al. [11] machined textures on the
surface of CuAINi by UVAM and showed superior fret-
ting wear performance of the surface. Micro-textures [29]
were obtained on aluminum alloy surface to successfully
improve and control the wettability of the surface. As
UVAM shows promising prospect for the preparation of
micro-texture, it has attracted wide attention in recent
years. However, most researchers exerted the ultrasonic
vibration in the feed or cutting direction (perpendicular
to the tool axis). Based on this method, Chen et al. [30]
fabricated fish scales and wave-textured surfaces with
a height of less than 2 pm under the ultrasonic ampli-
tude of 7 pm. Shen et al. [31] realized three texture pat-
terns, which were rib, scale and wave, at different spindle
speeds by the analysis of tool tip trajectory. The maximum
height of the micro-texture was around 1 pm, while the
ultrasonic amplitude was 7 pm. Lu et al. [32] designed
ripple and fish scale textures by analytical calculation and
fabricated them in experiment. Although the ultrasonic
amplitude was up to 10 pm, the height of these textures
was around 2 pm. All the above studies focused on the
fabrication of planar patterns, resulting from the tool tra-
jectory during UVAM. In this process, the pattern shape
and feature width of the micro-texture were determined
by the ultrasonic amplitude and frequency. But the height
of micro-texture cannot be tuned by ultrasonic vibration.
Consequently, it is infeasible to realize complex 3D tex-
tures with great height by this kind of UVAM method.
In the past few years, some researchers exerted the
ultrasonic vibration in tool axis direction, which termed
AUVAM. Borner et al. [33] studied the fabrication of
micro-texture on cold-working steel surface by AUVAM.
The results illustrated that the height of the micro-texture
could be effectively controlled by the amplitude of the ultra-
sound. Micro-textures with the height of 4 pm and width
of 100 pm were achieved under the ultrasonic amplitude of
4 pm. Although the amplitude of the ultrasonic vibration
was fully reproduced onto the height of the micro-texture
in this study, the feature size (100 pm) was too large for
most applications. Zhao et al. [34] studied on the fabrica-
tion of micro-texture with smaller feature size by AUVAM.
Uniform micro-texture with a height of 1 pm and a width
of 15 pm was obtained under the ultrasonic amplitude of
2 pm. It was found that the micro-textured height dimin-
ished with the decrease of the feature size under a certain
amplitude of ultrasound. The above studies implied that the
height of micro-texture could be regulated by the ultrasonic
amplitude. And complex 3D texture can also be theoreti-
cally achieved by precisely controlling the height of the tex-
ture. However, the reproduction of the ultrasonic amplitude
onto the height of the micro-texture is a common problem,
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especially for textures with small feature size. Until now, the
reason for this problem and the effective regulation of the
texture height during AUVAM have never been reported.

In this paper, the generation mechanism of micro-
texture and the main influence factors of its height and
profile shape in AUVAM were explored by theoretical
and simulation analysis. Theoretical deduction revealed
that the relief angle and spindle speed of the milling tool
significantly affected the profile of micro-texture. On this
basis, a 3D tool model considering relief angle, end cut-
ting edge angle and blade profile was established in simu-
lation. The influence of relief angle and spindle speed of
the tool on the height and profile shape of micro-texture
were studied by simulation and experiment. Micro-texture
with the minimum width of 20 pm and height of 2 pm
(fully reproduced the ultrasonic amplitude) was obtained.
Moreover, the regulation of micro-textured surface was
explored by changing the processing parameters and the
relief angle of the milling tool.

2 Surface texture generation mechanism
of AUVAM

2.1 Theory analysis

Figure la shows the schematic of the AUVAM process.
The tool rotates with the spindle speed n around Z axis.
The spindle moves in a straight line along the Y axis with
the feed per tooth (FPT) of fz. The tool vibrates with the
amplitude A along the Z axis at the ultrasonic vibration
frequency f. Consequently, the tool trajectory is a 3D sinu-
soidal periodic oscillation curve in space as shown by the
red line in Fig. 1b, which is quite different from traditional
milling (blue line) or UVAM (green line). Moreover, the
preset cutting depth p is normally much greater than the
vibration amplitude A. Therefore, the material is continu-
ously removed from the workpieces during the machining
process.

According to the coordinate system in Fig. 2a, the trajec-
tory of tool tip that changes with time 7 can be expressed as
follows:

x = Rsind, |
y = Rcos0,+2fnt M

where R is the radius of milling tool (um), # is the spindle
speed (rpm), ¢ is the machining time (s), 6, is the rotation
angle of the tool tip (rad). When the ultrasonic vibration
with certain amplitude and frequency is imposed in the
axial direction, the trajectory changes in the Z direction, as
shown in Fig. 2b. And the trajectory change in the Z direc-
tion within the period time ¢ can be written as:
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Fig. 1 Schematic diagram of the AUVAM process: a the process of AUVAM; b tool tip trajectory of different milling processes
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where A is the vibration amplitude (pm), fis the vibration
frequency (Hz), [ is the distance traveled by the tool tip in
the cutting direction (um). v is the cutting speed (m/s), which
can be expressed as:

_ naR

=30 3)

Along with the ultrasonic vibration of the milling tool,
the microstructures are generated during the rotary motion
of the tool. Figure 3 shows the theoretical model of micro-
structures fabricated by AUVAM with no movement.

The microstructures fabricated with a commonly used
milling tool (double edge) are illustrated in Fig. 3b. The
microstructures are uniformly distributed around the axis,
which are fan-shaped with a radius of approximately R and
a maximum width of L at the circumference (Fig. 3c, d).
Considering that R is normally much larger than L, L can be
approximated as,

L=<
f

However, it is hardly to ensure that all microstructures are
complete periodic structure units along the entire circum-
ference. There are normally some incomplete microstruc-
tures as shown in red part in Fig. 3b. Therefore, the cutting

“)
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Fig.2 Tool tip trajectory in AUVAM: a tool tip trajectory in X—Y plane; b tool tip trajectory in a vibration period

frequency ratio [35] proposed can describe the integrity of
microstructures. The cutting frequency ratio of the half cir-
cle can be expressed as:

ﬂ=%¥=F+e (5)

Fig.3 Theoretical model of
microstructures fabricated

by AUVAM: a schematic of
processing; b arrangement and
geometry of microstructures
on surface; ¢ vertical view; d
sectional view
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X

where I is an integer part, ¢ is a decimal part. I” determines
the number of microstructures distributed on the circumfer-
ence. The phase shift can be calculated by,
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Fig.4 Schematic diagram of tool angles: a vertical view of end edge; b sectional view of relief angle; ¢ sectional view of end cutting edge angle

If £> 0, the phase difference 6 exists, resulting in dislo-
cation of the microstructures. If ¢ =0, there is no phase dif-
ference and periodic structure units are aligned in the feed
direction.

In addition to the machining parameters, the tool angles
also play an important role in the formation of the micro-
structures. The relief angle @ and the end cutting edge angle
p are the main tool angles of the tool end edge, and their
schematic diagram is shown in Fig. 4.

The relief angle plays a significant role in the generation
of the microstructures, as shown in Fig. 5. In the process of
machining microstructures, the tool may overlap (blue area
between points M and N) with the cutting trace to generate
intersection point M when the tool moves from the highest
point H of the trajectory to the lowest point N. The inter-
section angle between ON and MN theoretically equals to
the relief angle a. Thus, the flank face squeezes the micro-
structure due to the overlap between them, resulting in the
reducing of the microstructure height and the triangle-like
shape (OMN).

In order to further explore the role of the relief angle « in
the generation of microstructures, as shown in Fig. 2b, the
angle 6 and value y are defined [36],

Fig.5 Illustration of the effect
of relief angle on microstruc-
tures

Cutting tool

Flank face

Axial direction‘

u=tan 0 = 1.37% @)
nrR

If tan a <y, there is obvious overlap area between the
flank face and the cutting trace, resulting in intersection
point M as shown in Fig. 5. So the theoretical microstruc-
ture profile is triangle-like shown as OMN in Fig. 5. If tan
a > u, there is no intersect between the flank face and profile
of the microstructure. This result provides theoretical expla-
nation for the difficulty of full reproduction of ultrasonic
amplitude onto the height of the micro-texture in AUVAM
[33, 34]. It also gives us valuable guidance of two possible
ways for completely reproducing the ultrasonic amplitude
(eliminating the overlap). The first way is directly increasing
the angle o until tan a > u by redesigning new milling tools.
The second one is increasing the spindle speed n based on
Eq. (7). The increase of the spindle speed makes y decrease.
So it is possible to fulfill tan @ >y when the spindle speed
increases to a certain extent.

The above-mentioned process is only the formation of the
microstructures during one rotation cycle of the milling tool.
But in actual continuous machining process, just the edge
part of the microstructures obtained in the last machining

Cutting trace

Workpiece
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cycle is retained, which can be divided into numerous iden-
tical micro-texture units. The rest part is covered by the
microstructures which formed in the new rotation cycle, as
shown in Fig. 6a. The length of the retained part is deter-
mined by the FPT. Consequently, the rotation of the tool
continues to repeat the above process until the micro-texture
units cover the entire workpiece surface, as shown in Fig. 6b.
Figure 6b is an enlarged view of structures in the red dotted-
line frame in Fig. 6a. It was validated by the observation
of microstructures and micro-texture units resulting from
experiment, as shown in Figs. S3 and S4.

Additionally, the end cutting edge angle f has little effect on
the height and profile shape of the micro-texture units, but it
causes height difference to generate 3D micro-texture units, as
shown in Fig. 6¢. The height difference A% can be calculated by,

Ah = ftanf 8)

(k+1)throtation cycle

Feed direction

Rest area

kthrotation cycle

Surface micro-texture =
Yw

2.2 Simulation of micro-textured surface

The purpose of this part is to establish a mathematical
simulation strategy of AUVAM based on the above theory.
Firstly, a model was proposed to describe the geometrical
characteristics of the tool. Thereafter, both the rotation and
feed motion of the tool were considered to calculate the tra-
jectory of the cutter. Based on the trajectory, the generation
process of the micro-texture was presented by Z-map algo-
rithm model.

2.2.1 The tool model

The end edge of the milling tool is mainly composed of
the rake face, flank face and the blade at the intersection
of the two faces [37]. Tao et al. [38] and Gao et al. [39]

Fig.6 Schematic diagram of micro-texture surface by AUVAM: a fabrication of micro-texture units; b micro-textured surface; ¢ micro-texture

unit
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simplified the double-edge end milling tool as a 2D profile
line of the blade edge, which was composed of two sym-
metrical straight lines. However, the 2D line model is not
competent to describe the detailed effect of milling tool due
to the absence of the flank face, which is vital to the genera-
tion of the micro-texture as analyzed in Sect. 2.1. Therefore,
a 3D tool model considering the flank face is proposed, as
shown in Fig. 7.

To simplify the above model, several assumptions are
made as follows: i) the blade edge has a radius Ry, which
decreases with the increase of the relief angle according
to the measurement of experiment; ii) only the flank face
and blade are in contact with the workpiece (ignoring the
effect of rake face), which are smooth, continuous and sym-
metrical; iii) the plastic deformation of the material is not
considered. The 3D tool (flank face and blade) can be fully
described by a set of parametric functions:

x = (=1)P*Dx
y=(— 1)(P+1)

\/ (R —(v R,,) YR2+(RtanB)*)—xRtanp

+ Rgtanf + Ry

algorithm, and the simulation results were in good agree-
ment with the experimental results. Liu et al. [36] took the
geometry of the tool into account when establishing simu-
lation model of the surface in ultrasonic vibration-assisted
turning. Although there are some in-depth studies on the
simulation of other machining process, research on the
simulation of AUVAM is scarce until now. Consequently,
we proposed a simulation strategy for AUVAM and devel-
oped the corresponding numerical calculation program in
MATLAB based on the aforementioned theoretical model
and simulation methods.

As shown in Fig. 8, O-X,Y Z, is set at tool local coordi-
nate system, in which the parametric functions describing
the tool model are employed. The tool local coordinate
system rotates with the tool. O-X;YZ; is set at tool
coordinate system, which translates and vibrates with the
tool. The O and Z; coincide with O, and Z,, respectively.

O0<x<R
0<y<D

®

0<y<(+sina)Ry

—(x Rytana + (y Rptanpf + RB)tanﬂ + Rg(1 = cosa) (1 +sina)Ry <y <D

where D is the width of flank face, p=1, 2, is the number
of the tool blade.

2.2.2 Simulation of the micro-textured surface

Simulation of the formation process for micro-texture has
become a useful method to explore the machining mecha-
nism and predict surface topography. Kilic and Altintas
[37] used homogeneous transformation matrices to realize
the simulation of machining operations. Zhu et al. [40]
presented the visualization of UVAM to show the inter-
mittent cutting process. Gao et al. [39] obtained the sur-
face topography machined by milling based on the Z-map

Rake face

Flank face

Fig.7 Blade edge geometry definition

0,-X,Y,Z, is set at the workpiece coordinate system,

Wthh is fixed with the workpiece, Y, is the feed direction,

X, is the radial direction, and Z,, is the axial direction.
In the tool local coordinate system, kinematic equation of

tool model in Sect. 2.2.1 can be written as follows:

10)

—_—nN e R

Milling tool

Fig.8 Space coordinate systems for AUVAM
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Equation (10) can be transferred to the workpiece coordi-
nate system by homogeneous matrix transformation method
[37]. There is a rotation angle k from the tool local coordi-
nate system to the tool coordinate system, and the transfor-
mation matrix of any point from the tool local coordinate
system to the tool coordinate system can be expressed as:

cosk sink 00
—sink cosk 00
0O 0 10 an
0 0 01

T, =

There is only a relative translation relation between tool
coordinate system and workpiece coordinate system. The
position of the tool coordinate system in the workpiece coor-
dinate system can be derived as follows:

.xT = xO
yr=Yo+ Vit (12)
=29 +Asin(2rft)

where (x,, yo, Zo) is the position of the origin at the tool
coordinate system relative to the origin at the workpiece
coordinate system, Vis the feed speed along Y-axis, 7 is the
running time, A is the ultrasonic amplitude, f is the ultra-
sonic vibration frequency. Then, the transformation matrix
of any point from the tool coordinate system to the work-
piece coordinate system can be derived as follows:

100 X
o010 yv
To=10 01 zy+Asin(rfo) (13)
000 1

By combining Eqs. (9)-(13), trajectory equation of any
point of the tool in the workpiece coordinate system can be
obtained as follows:

X, X, xcosk —ysink + x,
Vi v, xsink —ycosk +y, + Vjt
=T,T = .
Z, Wil g, 2+ zo + A sin 2zft) 14
1 1 1

Based on the Z-map algorithm model [39], the math-
ematical model of the AUVAM is established with the
trajectory equation. The workpiece and the tool model are
discretized into a series of points for numerical calculation.
The trajectory swept is converted into a discrete point cloud
of [z,] value, which is one-to-one matched with the grid
points on the workpiece surface. The [z,,] value of discrete
cloud points replaces the height [Z,] of the points on the
workpiece to generate the surface topography once the [z, ]
is smaller than the [Z,].

@ Springer

3 Experimental details

The experiment of AUVAM was carried out on a CNC mill-
ing machine, as shown in Fig. 9. The ultrasonic system was
mainly composed of three parts: the power controller, the
ultrasonic transducer and the horn. The power controller
converted ordinary electrical signals into ultrasonic electri-
cal signals with frequency of 21 kHz. The ultrasonic trans-
ducer converted electrical signal into ultrasonic mechanical
vibration by piezo ceramic plates. The horn further amplified
the generated ultrasonic vibration with amplitude of 2 pm,
which was transmitted to the milling tool installed on the
horn. The employed tool was a cemented carbide end milling
with a diameter of 2 mm, as shown in Fig. 10.

The sample material was aluminum alloy 7075, and the
sample size was 20 X 20 x4 mm. Besides the conventional
milling tool with relief angle of 10°, some special tools with
relief angles of 20°, 30°, and 40° were customized for the
experiments. In order to ensure material was removed con-
tinuously during experiment, the cutting depth of milling
tool was set as a constant value of 10 pm, which was much
higher than ultrasonic amplitude. The detailed experimental
parameters are shown in Table 1, and each experiment was
repeated 5 times. After milling, all the samples were ultra-
sonically cleaned with anhydrous ethanol twice and then
blow-dried by the air compressor. The surface morphologies
after milling were observed and measured by a hyperfocal
3D microscope (VHX-7000).

4 Results and discussion
4.1 Effect of relief angle on micro-texture

Figure 11 shows the profile of micro-textured results from
experiment and simulation with different relief angles (ranged
from 10° to 40°) under the spindle speed of 2000 rpm and
ultrasonic amplitude of 2 pm. Micro-texture with height of
0.8 pm and width of 10 pm was obtained under the relief angle
of 40°. It was illustrated that the height of the profile increased
with the increase of the relief angle in both experimental and
simulation results, which suggested that the relief angle sig-
nificantly affected the texture height, as shown in Fig. 11.
This influence was mainly caused by the overlap between the
flank surface of the tool and the profile of the micro-texture,
as shown in Fig. 12. The overlapped area decreased with
the increase of relief angle resulting in the rise of the texture
height. Consequently, there should be no overlapped area when
the relief angle was large enough, as shown in Fig. 12d.
However, the height of the micro-texture in simulation
was apparently larger than that in experiment. The reason
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Fig. 9 Experimental setup for
AUVAM
N/ 0 Ultrasonic
Wireless transmission » * transducer
: . > |
Conductive ring
1
Horn

was that the plastic deformation caused by the tool extru-
sion was not considered in simulation. As the width of the
micro-texture was only 10 pm and decreased with the rise
of height, the micro-texture was easily deformed under the
extrusion force from the flank face. Besides, all the pro-
files were smoothly sinusoid-like curves in experiment but
those were triangular curves in simulation. The difference
between the profile shape in experiment and simulation also
confirmed the obvious influence of the plastic deformation
caused by extrusion with the spindle speed of 2000 rpm.
The peak offset ((/;-L/2)/L) of the micro-textured pro-
file existed in both experimental and simulation results, as
shown in Fig. 11a, b, d. And the peak of each micro-textured
profile unit noticeably shifted to the right with the increase
of the relief angle. The peak offset in experimental results

400 pm

Fig. 10 Micrograph of milling tool

! Ultrasonic power and controller
“a

Workpiece

could reach more than 10% of the micro-textured width with
the relief angle of 10°. And it was negligible under the relief
angle of 40°. Interestingly, the peak offset of simulation was
smaller than that of experiment correspondingly due to the
ignorance of plastic deformation in simulation. This differ-
ence further confirmed the existence of extrusion, which was
also caused by the overlap between the flank surface and the
micro-textured profile, as shown in Fig. 12.

4.2 Effect of spindle speed on micro-texture

Figure 13 shows the experimental and simulation results
of micro-textured profiles under different spindle speeds
(ranged from 2000 to 8000 rpm with interval of 2000 rpm)
with the relief angle of 10°. It was indicated that the height
of the texture obviously increased with the rise of the spindle
speed in both experiment and simulation. It suggested that
the spindle speed of the milling tool significantly affected
the textured height. Nevertheless, the heights in simulation

Table 1 Experimental parameters

Workpiece Material A17075

Tool geometry Relief angle (°) 10, 20, 30, 40
End cutting edge 1.5

angle(®)

Vibration conditions ~ Frequency(kHz) 21
Amplitude(um) 2

Cutting conditions Spindle speed (rpm) 2000, 3000, 4000,

5000,

6000, 7000, 8000
10, 50, 100, 150
10

Feed per tooth (um)
Depth of cut (upm)

@ Springer



The International Journal of Advanced Manufacturing Technology (2022) 122:1651-1667

1660
— 100 100
Pe%k offset 20° 164 204
08 - — 30° — 30°
—— 40° — 40°
1.2 ~
r: 06 T ~
2 g
= =
044 b 0.8
T =
0.2 0.4-
0] 0.0
0 5 10 15 20 25 30 0 10 15 20 25 30
Width(pum) Width(pum)
(a) (b)
. 1.68 154 .
164 ] Experiment 12.76 ] Experiment
: [ Simulation [ Simulation
1.30
1.2 1
~ —_ 10 -
g 1.03 &\c/
= 0.82 I
5081 0.70 0.67 - 5
T I 5.56
05 051 5 3.1259
044 L 242
1.06 -
0.72 0.73 036
0.0 0 .
10° 20° 30° 40° 10° 20° 30° 40°
Relief angle(®) Relief angle(®)

(c)

(@

Fig. 11 Experimental and simulation results with relief angles ranged from 10° to 40° (n=2000 rpm): a experimental micro-textured profile; b
simulation micro-textured profile; ¢ height of micro-textured profile; d peak offset of micro-textured profile

in experiment, but the profiles gradually changed from tri-
angular to sinusoid-like curves in simulation.

The above results implied that both the micro-textured
height and profile in simulation and experiment became

were obviously higher than those in experiment under
low spindle speed, but the heights in both simulation and
experiment tended to be consistent as the increase of spindle
speed. Moreover, all the profiles were sinusoid-like curves

<Ms3
<~
(0] N O N O N

(d

Fig. 12 Schematic diagram
of overlap as the relief angle
increases

(0] N

(@ (b (©
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Fig. 13 Experimental and 2.0 3000 2.0 3000
simulation results with spindle 1.5 151
speeds ranged from 2000 to 1.0 ) ) N
8000 rpm (relief angle of 10°): ’ )
a experimental micro-textured 0.5 0.51
profile; b simulation micro- 0.01- . . . 0.01- . . :
textured profile; ¢ schematic 1.8 — 6000 @ 181 —— 6000
diagram of overlap as spindle =2 ’ =2
speed increases %01 21 %01 21
E 0.61 é 0.61
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0.01 . ‘ ‘ ‘ ‘ . . . 0.01 - . . )
— 2000 — 2000
0.61 0.61
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Width(um) Width(um)
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1n:=8000 rpm
n:=6000 rpm
1n:=4000 rpm
1n:=2000 rpm

more consistent with the increase of spindle speed. It could
be explained mainly from the following two aspects:

(i) The overlapped area between the flank surface of the
cutter and the micro-textured profile decreased with the
increase of spindle speed, as shown in Fig. 13c. There-
fore, the influence of the overlap on the height and pro-
file diminished. Furthermore, there was completely no
overlapped area when the spindle speed was 8000 rpm.

(i1) With the comparison among L,;, L,,, L,; and L,, in
Fig. 13c, it was easy to conclude that the width of the
micro-texture unit dramatically increased with the rise
of spindle speed, resulting from larger traveled dis-
tance of the cutter in a vibration period. Consequently,
the increase of width greatly enhanced the deformation
resistance of the micro-texture unit. Hence, the effects

of the extrusion on the generation of micro-texture
decreased as the spindle speed increased.

Figure 14 shows more detailed experimental results of
height and peak offset with spindle speeds ranged from 2000
to 8000 rpm with interval of 1000 rpm. The difference of both
micro-textured height and peak offset between simulation and
experimental results gradually decreased with the increase of
the spindle speed. The micro-textured heights in experiment
were almost the same with those in simulation under the spindle
speed above 7000 rpm, as shown in Fig. 14a. And there was no
obvious peak offset of the micro-textured profile with the spin-
dle speed above 7000 rpm, as shown in Fig. 14b. The detailed
profile of micro-texture can be found in Fig. S1. The above
results indicated that the influences of the overlap and extru-
sion between the milling tool and the micro-textured profile
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Fig. 14 Experimental and simulation results with spindle speeds ranged from 2000 to 8000 rpm (relief angle of 10°): a height of micro-textured

profile; b peak offset of micro-textured profile

were negligible when the spindle speed was large enough. Spe-
cifically, smooth sinusoid-shaped micro-texture with minimum
width of 35 pm (determined by the spindle speed of 7000 rpm)
and height of 2 um (the same as the ultrasonic amplitude) was
achieved under the relief angle of 10°.

Generally, under the combined effect of the reduction of over-
lap and the increase of the micro-texture unit width, the height
of micro-texture obviously increased and the profile was closer
to the theoretical sinusoid with the rise of the spindle speed.
It was worthy to notice that the ultrasonic amplitude could be
fully reproduced onto the height of the micro-texture with large
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enough spindle speed even using an ordinary milling tool (with
relief angle of 10°). However, the width of this type of micro-
texture unit was normally too large for most applications of
micro-texture.

4.3 Coupling effect of relief angle and spindle
speed on micro-texture

Figure 15 shows the heights of the micro-texture with
different relief angles under various spindle speeds.
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Fig. 15 Height of the micro-texture with different relief angles under various spindle speeds: a experimental results; b simulation results
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(@)
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Fig. 17 The schematic diagram of the micro-texture units at different FPTs: a FPT =50 pm; b FPT =100 pm; ¢ FPT =150 pm

Both the experimental and simulation results illustrated
that the micro-textured height rose to 2 pm (the ultra-
sonic amplitude) then remained almost constant with
the increase of spindle speed for all relief angles. The
detailed profile of micro-texture is shown in Fig. S2.
The above results suggested that the maximum textured
height depended on the ultrasonic amplitude in AUVAM.
Whereas the minimum spindle speed for the maximum
height of micro-texture was different with various relief
angles. Here we used MSS to present the minimum

Fig. 18 Typical textures at
different processing parameters
in AUVAM: a weave texture;
b shell texture; ¢ fish scale tex-
ture; d corrugated texture

(¢) »=6000 rpm, FPT=10 pm

@ Springer

spindle speed to fully reproduce the ultrasonic amplitude
onto the height of micro-texture. The MSSs for the relief
angle of 10°, 20°, 30°, and 40° were 7000, 6000, 5000,
and 4000 rpm in experimental results, which implied that
the MSSs decreased with the increase of relief angle. The
simulation results confirmed that the MSSs decreased
with the rise of relief angle. But the simulation MSSs
were a little lower than the corresponding value from
experiment due to the ignorance of plastic deformation
in numerical calculation.

(d) »=8000 rpm, FPT=50 pm
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The increase of both relief angle and spindle speed
resulted in the decrease of the overlap area between the
flank surface and the micro-textured profile, as analyzed
in Sects. 4.1 and 4.2. Therefore, larger relief angle could
decrease the MSS leading to full-height micro-texture with
smaller width. Moreover, smooth sinusoid-shaped micro-
texture with minimum width of 20 pm and height of 2 pm
(the same as the ultrasonic amplitude) was realized under the
relief angle of 40°. The feature size was significantly reduced
by almost a half compared with that obtained by the ordinary
tool (the relief angle of 10°). It was concluded that the profile
(including height, width and the shape) of the micro-texture
unit could be effectively regulated by relief angle and spindle
speed.

4.4 Regulation of micro-textured surface

Besides the height, width and profile shape, another
important parameter for characterizing the micro-texture
unit is the length of the unit, which is dominated by FPT
during the milling process. Figure 16 shows the experi-
mental and simulation results of the micro-textured sur-
face under different FPTs of 50, 100 and 150 pm with
the relief angle of 10° and spindle speed of 5000 rpm. It
was illustrated that all the lengths of the micro-texture
unit coincided well with the corresponding FPTs both
in experimental and simulation results. The schematic
diagram of the micro-texture unit is shown in Fig. 17. It
was demonstrated that the micro-texture unit was inclined
3D morphology, and the inclination angle f was deter-
mined by the end cutting edge angle of the milling tool.
Therefore, there was a height difference Ah between two
adjacent groups of the micro-texture units in the length
direction. Not only the unit length but also the height dif-
ference increased with the increase of FPT. Consequently,
complex 3D micro-texture units with controllable height
difference could be fabricated onto the entire surface of
the workpiece by AUVAM.

We further fabricated four typical textures of weave,
shell, fish scale, and corrugation even using ordinary mill-
ing tool (relief angle of 10°) through selecting different pro-
cessing parameters, as shown in Fig. 18a—d. Based on the
above analysis, the surface texture was formed by arranging
the micro-texture units in accordance with the tool trajec-
tory. The length and width of the micro-texture unit can
be adjusted through FPT and spindle speed. The height of
the micro-texture unit can be further adjusted by the relief
angle of milling tool as discussed in Sect. 4.1. Therefore,
it is possible to regulate the arrangement, morphology and
height of the micro-texture unit by changing the processing
parameters and milling tool, resulting in desirable complex
3D micro-textured surface.

5 Conclusions

In this study, the generation mechanism and major influence fac-
tors of the micro-texture fabricated by AUVAM were explored
through simulation and experiment. The simulation results
agreed well with that of experiment, which provided an effec-
tive prediction method for surface topography during AUVAM.

Based on the results and analysis, the following conclu-
sions can be drawn:

(i) Cutting and squeezing from the flank surface of
milling tool were the main generation mechanism of
micro-texture in AUVAM.

(i1)) The height of micro-textured profile was significantly
increased and the shape of micro-textured profile
changed from triangular to sinusoid-like with the
increase of relief angle and spindle speed.

(iii)) With the coupling influence of the relief angle and
spindle speed, sinusoid-shaped micro-texture with
minimum width of 20 pm and height of 2 pm (the
same as the ultrasonic amplitude) was realized under
the relief angle of 40° and MSS of 4000 rpm.

Moreover, the fabricated typical textures illustrated that
the arrangement, morphology and height of the micro-texture
unit could be effectively regulated by changing the process-
ing parameters and milling tool to obtain desirable complex
3D micro-textured surface. This study not only clarified the
mechanism of AUVAM, but also provided a potential mass-
production method for fabrication of micro-texture.
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