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Abstract:

This paper investigates the textured surface generation mechanism in vibration-assisted micro
milling through modelling and experimental approaches. To decouple the effects of tool
geometry and kinematics of vibration-assisted milling, a surface generation model based on
homogenous matrices transformation is proposed. On this basis, series of simulations are
performed to provide insights into the effects of various vibration parameters (frequency,
amplitude and phase difference) on the generation mechanism of typical textured surfaces in
1D and 2D vibration-assisted milling. Furthermore, the wettability tests are performed on the
machined surfaces with various surface texture topographies. The fish-scale textured surfaces
are found to exhibit better wettability than those with wavy-structure. The results indicate that
vibration-assisted milling is an effective method to generate certain surface textures with
controllable wettability.

Keywords: Vibration-assisted machining; micro-milling; vibration assisted milling; textured
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Nomenclature:

1,-- corner radius ;

1, -- cutting edge radius #x -- phase angle in x direction;

k' --angle of the minor cutting edge; @y -- phase angle in y direction;

R -- tool radius; @-- initial angle between X; and Xt axes;

o -- angular velocity of the cultter; t -- cutting time;

zi -- i"" cutter tooth; 0 -- relative rotational angle;

Z -- number of flutes; a.-- radial cutting depth;

vi -- feed velocity; I -- number of feed in cross-feed direction;

A -- vibration amplitude in x direction;
B -- vibration amplitude in y direction; D—tool diameter;
fx --vibration frequency in x direction;
fy -- vibration frequency in y direction;

1. Introduction:



The functional surface with periodic micro/nanostructures, owing to its excellent abilities,
such as reducing adhesion friction, improving lubricity and specific optical properties (Jung
and Bhushan, 2006; Liao et al., 2000; Maboudian, 1997; Judy, 2001), have found wide
applications in optics, automotive, aerospace, biomedical, and power generation devices
(Hadad and Ramezani, 2016; Wilkinson et al., 1997). The reseach, development and innovation
of novel cost-effective machining method for special functional surface has become one
research hot across the world.

Vibration-assisted machining, as one kind of machining strategy capable of generating
specific surface texture more conveniently, has been proposed. Using elliptical vibration-
assisted turning, Brehl, Dow. (2008) and Sajjady et al. (2016) succeed in fabricating micro
structure. Moreover, it was found that vibration could be helpful to reduce surface roughness.
Similarly, various kinds of vibration-assisted machining methods including vibration-assisted
EDM, vibration turning, etc., have been proven to be feasible for fabricating various
mico/nanoscale surface patterns. Owing to its excellent machining performance, vibration-
assisted machining has attracts more-and-more attention of researchers.

Recently, vibration-assisted milling, as one typical vibration machining method, has been
found to be capable of conveniently generating surface micro-structure (Uhlmann et al. (2015).
By adopting resonable vibration paramters (such as vibation frequence, amplitude, etc.) and
machinining parameters, desirable surface texture with specific micro/nanoscale topography
could be obtained (Tong et al., 2018; Kim and Loh, 2011; Suzuki et al., 2007, 2011). For
instance, Borner et al. (2018) found that special micro-structure can be generated repeatedly
by considering the cutting conditions such as kinematics and cutting edge geometry. Chen et
al. (2018a) investigated the trajectories of tool tips in non-resonant vibration-assisted milling
and proposed a method for generating two specific types of surface textures (wave and fish
scale) by combining different vibration and machining parameters. Overall, vibration-assisted
milling (VAMILL), due to high machining efficiency, low cost and simple machine equipment
setup, has been proven to be one cost-effective machining strategy for fabricating textured
surface with special functional surface. However, in the state of the art, very little attention is
given to 2D vibration assisted milling processes, due to the complexity of kinematics and
dynamics of this process. Ding et al. (2010) investigated the machinability improvement of
hardened tool steel using two-dimensional vibration-assisted micro-end-milling and found that
it was an effective method to machine hardened tool steel and can be applied in the manufacture
of moulds and dies with improved machining efficiency, surface quality and tool life. Chen et
al. (2018b) investigated the tool-workpiece separation mechanism of 2D assisted milling
process. Three typical types of tool-workpiece separation were proposed and the requirements
to realize each type of separations were obtained.

There are many factors affect the surface generation, such as tool geometry parameters
(Wojciechowski et al., 2018a), machining parameters (Wojciechowski et al., 2018b, Chen et
al., 2018), machining stability (Nieslony et al., 2018), especially for vibration assistant
milling, the surface texture generation process, is very complicated. Any change in processing
parameters could result in significant change of the processed microstructure. To obtain high-
performance surface texture, it is very important to study the influence of different machining
and vibration parameters on surface generation (Ehmann and Hong, 1994). For this reason,
many numerical simulation-based efforts have been devoted to predicting the surface



generation in conventional milling, micro milling or VAMILL. A time domain end milling
process simulation was performed by Peigné et al. (2003) and a 2.5-D geometrical modelling
milled surface was proposed. By employing kinematic rules and transformation operators,
Kouravand and Imani. (2014) established a micro-channel surface texture model for micro
milling process to consider the effects of minimum chip thickness and the geometrical features
of cutting edge, and the surface texture generation process was simulated by using a 3D B-rep
geometric kernel as geometric engine. Vakondios et al. (2014) developed a surface simulation
model for ball milling process, and it was integrated in a commercial CAD software, however,
it was difficult to read numerical information, as the surface textures were generated in a solid
mode. Ding et al. (2011) proposed a numerical modelling method for VAMILL process using
a dexel-like calculation algorithm. In this model, although the tool profile was mapped along
tool path to consider the effects of multiple tool engagements on surface generation, the effects
of the tool geometry was still overlooked. Tao et al. (2017) also analyzed the influence of tool
parameters on surface generation, they simplified the tool cutting edge as a sharp one, to simple
the simulation process and reduce the computation time, but it reduces the accuracy of the
surface texture simulation. Recently, Borner et al. (2018) proposed an improved modelling
model for textured surface generation in VAMILL. By a dexel-based data model to describe
workpiece and tool, actual tool geometry can be considered in the modelling of textured surface
generation, this method can improve the simulation accuracy by using small discrete distance,
however, its time-consuming. Up to date, there are still many problems in current simulation
methods, such as low simulation accuracy and complicated calculation procedures. A
simulation method for VAMILL satisfied both simple and accuracy is desperately needed. In
addition, the effects of machining parameters and vibration parameters on the textured surface
generation are still not clear understood, and it has become a significant technical obstacle
preventing the extensive use of special functional surface in creating innovative products by
VAMILL.

For these reasons, this paper proposed an accurate modelling method (verified by
VAMILL experiments) to predict the surface topography in VAMILL process to consider the
effects of cutting edge radius, machining kinematics and coordinate transformation. The
proposed method could realize the surface modelling with any tool geometry and complex
machining trajectory. Compared with the previous model, the actual cutting edge equation is
adopted, which will improve the model accuracy, and reduce the time-.Based on this novel
modeling method, the generation mechanism of structured surface in vibration assisted milling,
especially the correlation among machining/vibration parameters, surface texture and its
wettability, could be determined.

The paper can be divided into distinct sections. Section 2 gives the details of the modeling
method of the generation of surface topography in vibration assisted milling process. Then, the
proposed modelling method is verified by machining experiments to in Section 3. Moreover,
in Section 4, the effects of the vibration parameters on the surface wettability and the tool wear
in the vibration assisted milling process are analyzed and discussed. At last, Section 5
summarizes the main conclusions based on the present work.

2. Surface generation modeling in vibration assisted milling
The generation process of textured surface can be recognized as the result of the



interactions between a cutter with a specific shape and workpiece. In the machining process,
the cutter is fed at specified machining path, and surface microstructures could be formed on
the machined surface due to the cutting edge overlap trajectories. Thus, the surface generation
in vibration-assisted milling is easily affected by various factors, including the kinematics of
machining systems, the real geometry of cutting edge, machining and vibration parameters, etc.
To accurately model the vibration-assisted milling surface generation process, the cutting edge
detection and modelling, the kinemics modeling and analysis, and the coordinate
transformation from cutting edge to workpiece surface, are the key steps.

As illustrated in Fig.1, one HMT-based calculation algorithm for the surface generation
of VAMILL is proposed and it mainly consists of the following steps:

Firstly, the geometry of the cutting edge is detected by scanning electron microscope
(SEM) and atomic force microscope (AFM), and it can be described with a numerical function.
Secondly, the cutting edge and workpiece are discretized into series of points. Thirdly, all points
on the cutting edge are transferred from tool coordinate system to workpiece coordinate system
by HMT, which forms the simulated surface in a point cloud. Then the Z-map technology,
which means plot the minimum z as a function of x and y in the workpiece coordinate system,
is applied to generate the final machined surface.

2.1 Cutting edge modelling

To accurately predict the surface topography in the vibration assisted milling process, the
real contour of the cutting edge should be first described. Thus the micro end mills were first
detected by SEM and AFM before machining experiments to obtain the cutter geometry
parameters. Figs.2 a) and b) give the SEM images for the side and top views of micro milling
tool. And the angle of minor cutting edge is measured in one analysis software ImageJ®.
Besides, the cutting edge radius is detected by AFM, and it is further determined obtained by
using the least squares fit method, as illustrated in Fig.2 c). The detailed geometrical parameters
of the micro cutting tool are summarized in Table 1.

The profile of cutting edge, which is shown in Fig.2 d), can be described as:

—xtank + (R—r,—r,sink)tank +r,(1-cosk), O0<x<R-r,—r,sink

2= f(x)= (1)
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where 1,,k’, and R denote the corner radius, angle of minor cutting edge, and tool radius,
respectively. The tool center, as shown in Fig.2d) is set to the origin of coordinate system, Z
axis is aligned with the tool axis, and XY-plane is aligned with the tool rake face of one cutting
flute.

2.2 Kinemics analysis of vibration assisted milling

To realize the oscillating motion between the cutting tool and workpiece in the VAMILL
process, there are two choices: tool or workpiece for superimposing the high frequency small
amplitude vibration and in this paper, workpiece is selected. As shown in Fig.3, workpiece is
simultaneously fed in x- and y-direction, and the axial depth of cut is in z direction.



The relative displacement (xi, y;) of tool tip to workpiece in VAMILL can be depicted by
Eq.(2):

xi:vft+Rsin{a)t—%‘_l)}+Asin(th+¢X)
27(z,-1) @
m(z; - )

yi=Rco{wt—7}+83m(fyt+¢y)

where R and o are the radius and angular velocity of the cutter, z; is the i" cutter tooth, and Z
is number of flutes. v is feed velocity. A and B are the vibration amplitudes, fx and fy are the
vibration frequencies, ¢xand ¢y are the phase angles, in x- and y-directions.

2.3 Homogeneous matrix transformation

From Eq.(2), it can be noted that except for t, 10 independent parameters are required to
determine the tool tip trajectory in the 2D vibration-assisted milling. Owing to the effects of so
many parameters, the tool tip trajectory in VAMILL is much more complex. In order to
accurately describe the tool tip trajectory in VAMILL, the homogeneous matrix transformation
(HMT) method (Ehmann and Hong, 1994; Peigné et al., 2003) is adopted and the detailed HMT
process in VAMILL are introduced in the following section.

2.3.1 HMT in VAMILL

It is widely recognized that the surface topography of machined surface can be generated
by the cutting of the cutting edge on the workpiece. Therefore, the HMT of the VAMILL should
be conducted for the whole cutting edge, the tool tip trajectory can be obtained by using this
method.

Fig.4 shows the equipment setup schematic diagram for the vibration-assisted milling.
The removal of workpiece material is performed by the cutter with high rotation speed. In the
workpiece, the vibration is applied on the workpiece, and the workpiece is fed along x-direction.
Also, it can be seen that the local coordinate system of the cutter (O+X:YiZt) and the rotation
coordinate system (Or-XtY7Z7) are applied to describe the tool profile and the spindle rotation.
Besides, the translation coordinate systems, i.e. Ov-XvYvZy and Ow-XwYwZw are used to depict
the vibration on the workpiece and the feed of the control system. The detailed transformation
or rotation values of each coordinate system in the VAMILL process are given in Table 2.

The homogeneous coordinates of the cutting edge in O-X:YZt is given as:

XI X
v| | o
2| @
1 1

The O7-X1Y1Z7 only considers the rotation speed of the cutter. The Xt and Yt axis are aligned
with the cutter feed and cross-feed directions, respectively. The Zt axis is parallel to Z:. The
origin of the two coordinates (tool coordinate system and local tool coordinate system) is at the
same point. Therefore, the spindle angular velocity can be considered as the angular velocity



of O-X:tYtZt with respect to Or-XtY71Z7. As time goes by, the relative rotational angle () of two
coordinate systems change the position which is shown in Fig.5. When the points of the cutting
edge are changed from Ow-X:YZt to O7-X7Y1Z7, the rotational effect is considered.

0=p—ot 4

where ¢ is the initial angle between X: and Xt axes. In this paper, it is set to 0°. wis the tool

rotation angular velocity (rad/s) and t is cutting time (s).
The homogeneous transformation matrix (HTM) from O¢X;YtZ: to Or-X7Y7Z7t can be
expressed as:

cos@ -—-sing@ 0 O
sin@ cos@ 0 O
TTt = (5)
0 0 10
0 0 0 1

In the workpiece coordinate system (Ow-XwYwZw), Xw, and Yw, refer to the feed direction
and cross-feed direction, respectively. And Zw represents the direction of the axial cutting depth,
which is parallel to Z:. In 3-axis milling process, only the translation between Ow-XwYwZw and
Or-X1Y1Z7 occurs. According to the actual machining situation, the initial relative position of
Ow-XwYwZw to Ot-X7Y1Zr could be determined.

By transforming the coordinates of the tool cutting edge from O¢X;YtZt to Ow-XwYwZw,
the relative position of each point on the cutting edge to workpiece can be obtained, and the
height of the cutting edge at any point could also be recorded through Zw coordinate.

The original coordinate of Ot-XtY1Zt for each feed in cross-feed direction relative to Ow-
XwYwZw is obtained by:

Xor =%, +(i—1)a,
Yor = Yo T Vit (6)

Ly =1,

where (Xo,Yo,20) IS the initial position of the origin of Ot-X1Y+1Zr in the Ow-XwYwZw, and it is

set as (0,-R,0) in this paper. a, is radial cutting depth (mm). i is the number of feed in cross-

feed direction; V; is the feed speed in Yy direction (mm/s).

As shown in Fig.2, owing to the effect of the vibration applied on the workpiece, the
relative displacement between tool and workpiece is changed. Thus, the origin coordinates of
Or-X7Y1Z7 for each feed in radial direction relative to the origin of Ow-XwYwZw can be
calculated as:

Xor =X, +(i—1)a, + Asin(2z f,t+¢,)
Yor = Yo +Vit+Bsin@2zft+g) (7)

Zyr =1,



where x(t) and y(t) denote the components of the dynamic instantaneous displacement between
tool and workpiece in x-and y-direction, respectively.
Thus, the HTM from Ot-X7Y1Z7 to Ow-XwYwZw can be expressed as:

1 0 0 x,+(i-1)a,+Asin@2zft+4,)
W _ 010 Yo +Vit+Bsin(2zft+g,)

Tlo 01 Z, ®)
0 0O 1
The cutting edge in the workpiece coordinate system Ow-XwYwZw can be expressed as:
Xy X, xc0s @+ X, +(i—1)a, + Asin(wt + ¢)
Yw _wp T Ye|_| Xsin@+y,+vt+Bsin(ot+9) ©)
z, Z, f(x)+z,
1 1 1

By using above HMT method, two typical tool tip trajectories in VAMILL are shown in
Fig.6. When the ratio of vibration frequency to spindle rotation frequency (RVS) is odd, a
complex surface texture is generated by overlapping of adjacent cuter teeth. Differently, for
even RVS, a wavy surface is formed. The difference in surface topographies at different RVSs
clearly indicates that the RVS has significant influence on surface texture generation. Thus, in
the following study, the RVS is considered as one key factor for optimal selection of machining
and vibration parameters.

2.3.2 Surface generation

According to the copy principle of tool contour, the workpiece surface topography is
formed by sweeping of the cutting edge profile along the tool path. In order to numerically
simulate surface generation, tool cutting edge and workpiece are discretized into a series of
elements. Then the surface topography of the machined surface could be formed by mapping
the cutting edge contour onto workpiece surface. Following above procedures, as illustrated in
Fig.7, the cutting edge is discretized into numerous elements, and workpiece is evenly divided
into n columns and m rows. Each row and column intersect, forming one grid point. The height
of each point on the machined surface of the workpiece can be obtained by calculating the tool
cutting depth (z-coordinate) at grid point. To obtain one complete surface, the height of middle
position between two grid points can be obtained by a curve fitting algorithm.

2.4 Surface generation simulation

Surface simulation is an effective way for in-depth understanding of the vibration-assisted
milling process of structured surface, which is significant to realize the deterministic
manufacturing of functional surface. Therefore, in this section, serials of surface generation
simulations are performed to elucidate the underlying relationship among machining and
vibration parameters, surface texture and its wettability.

In those simulations, two assumptions are given: The tool diameter significantly exceeds
the length of the milled tracks and the tool will not be deflected in the feed direction, therefore,
the re-cutting effect can be neglected in the present work.



The machining parameters and cutter parameters (such as spindle rotation speed, number
of tooth and the feed per teeth) are pre-defined, as shown in Table 3. In our previous
investigation (Chen et al. 2018a), RVS and vibration amplitude were found to significantly
affect surface texture generation. Thus, in this study, eight typical sets of vibration parameters
are selected. The spindle speed is kept at 6,000rpm (rotation frequency is 100Hz). The vibration
frequency is set as 8300 Hz (odd number to spindle rotation frequency) and 8400 Hz (even
number to spindle rotation frequency). Meanwhile, three typical vibration amplitudes, that is,
2, 5 and 7um, are employed. They are less, equal and larger than the half of the feed rate (10
um per tooth), respectively. In addition, to study the influence of phase difference between the
two vibration directions on the surface generation, the phase difference is set to 0, /4 and 7/2,
respectively.

It can be found from set 1-3 (see Table 3), that the vibration frequency applied in x-
direction is an odd times of spindle rotation frequency. Since the vibration applied is a
sinusoidal-based signal, the valleys (crests) of the current cutter path intersect with the crests
(valleys) of the following cutter trajectory. Consequently, three types of surface topographies
are obtained, as shown in Fig.8 a-c). Different kinds of fish squamous topographies are
produced on the machined surface, respectively corresponding to those vibration amplitudes
that are less, equal and larger than half of the feed per tooth.

In the vibration-assisted milling experiments of Set 4, since the vibration frequency
applied in x-direction is even times of the spindle rotation frequency, the crests (valleys) of the
current cutter path are intersected with those of the following cutter trajectory, thereby forming
a wavy surface, as shown in Fig.8 d).

In the vibration-assisted milling experiments of set 5 and 6, vibration are applied in x- and
y- directions. The vibration frequencies are even times of the spindle rotation frequency, with
the phase difference between two vibration signals is /2 and zero. Under the combined effects
of x- and y-direction vibrations, it can be seen in Fig.8 e) and f) that the crests (valleys) of the
current cutter path also meets those of the following cutter trajectory. Meanwhile, due to the
phase difference between two vibration signals, the spatial distribution of the wavy surface is
also changed, as shown in Fig.8 e) and f).

Finally, though x- and y-direction vibrations are also applied in in the milling experiments
of Set 7 and 8, the vibration frequencies (odd times of spindle rotation frequency) and the phase
differences of zero and =/2 are adopted. ). At those vibration parameters, it can be noted from
Fig.8 g) and h) that the valleys (crests) of the current cutter path meet the crests (valleys) of the
following cutter trajectory. Finally, two evidently-different surfaces topographies are obtained,
which should be also attributed to the effects of different phase differences between two
vibration signals.

3. Vibration-assisted milling experiments

In the present work, all of milling experiments were conducted on a 3-axis precision
milling machine tool (NANOWAVE MTS5R) equipped with a 2D vibration platform on the Z-
direction machine slideway, as illustrated in Fig.9a). The layout of the vibration stage control
system is shown in Fig. 9b). The piezo actuators are driven by control signal, which is set by a
host computer and then amplified by a high voltage piezo amplifier. Meanwhile, the vibration



displacement data of the platform is detected by two high precision capacitive sensors (CS005,
Micro-epsilon) and collected by data acquisition cards, then sent back to the host computer for
recording. The accuracy of vibration platform will be unavoidably influenced by many factors,
including manufacturing errors, displacement coupling and control signal distortion, etc.

For verifying the vibration trajectory errors of the designed vibration platform, two sets
of voltage input signals with same parameters (0.2 V, 1000 Hz) but different phases (90°) are
sent to the piezo actuators in two directions. The testing results are shown in Fig.9c) . It can be
noted that the total vibration trajectory error of the platform is 0.25 pum, meeting the
requirements of micro-milling experiments.

To verify above simulation results, same machining parameters are adopted, as illustrated
in Table.4. The uncoated double-edged micro tool is adopted, and the detailed geometry
parameters of the tool can be found in Table.1. In order to ensure the relevance of the used data,
an easy to machine material Al 6061 is used, and small axial depth of cut of 15um were adopted
in this study to avoid the effects of the self-excited vibration and rapid tool wear on the
machined surface topography.

The surface topography of each machined surfaces is tested by a white light interferometer
surface profilometer (Vecco NT1100), as shown in Fig.10. From the comparation of the profile
and geometric size of the surface texture, it can be clearly found that Figs.10 a), b), and d) agree
well with the simulation results (see Fig.8 a), b) and d)), respectively. However, other
experimental results are not consistent with the simulation results in Fig.8. It should be ascribed
to the effects of different kinds of vibrations. In the milling experiments corresponding to
Fig.10 a), b) and d), the vibration is only applied in one direction. The control of vibration
amplitude is easy. However, in the milling experiments corresponding to Fig.10 e-h), vibration
is applied in both of x-and y-directions. Owing to the stiffness coupling effect of 2D-vibration
stage, namely, the interaction effect of the x- and y-direction vibrations, vibration amplitude
and the phase difference between x- and y-direction vibration signals do not reach the expected
value. As for the milling corresponding to Fig.10 c), the overlap of two adjacent cutting edges
is too small to be reflected on the machined surface, due to the elastic recovery of the material
in the material removing process. As the material properties of the workpiece are not
considered in current simulation model, the height profile of the milling surface is larger than
the simulated surface.

Overall, the surface texture model proposed in the present work could accurately describe
the surface generation in 1D vibration-assisted milling process. The proposed surface
modelling method is based on homogenous matrices transformation and the cutter geometry,
and not tool diameter dependent. Although micro milling experiments were used in this paper,
the method is applicable to a conventional milling process. However, due to the couple effect
of x- and y-direction vibration, it is still hard to accurately predict the surface generation in 2D
vibration assisted milling process.

4. Discussion and analysis

The water contact angle on each machined surface is measured by a Sindatek Water
Contact Goniometer with 5 ml water droplets. From Fig.10, it can be also clearly found that



the workpiece surface generated at different vibration parameters exhibit different wettability.
According to the measured water contact angles, the wettability of fish scale surface is
evidently better than that of wavy structure. The practical contact angle can be controlled from
30° to 89° by changing the vibration parameters. Therefore, the vibration-assisted milling is
absolutely feasible to obtain the machined surface with controllable wettability, which could
be realized by only adjusting the vibration parameters in the milling process.

4.1 The influence of vibration parameters on surface wettability

To quantitatively analyze the influence of vibration frequency, amplitude and phase
difference on the surface wettability of the machined surface, new sets of the experiments have
been conducted and surface contact angles were measured.

Fig.11 plots the contact angle versus vibration frequency and amplitude in the feed
direction vibration condition. When the vibration frequency is 8400Hz, wavy texture is
generated on the surface. But it has little effect on surface wettability, the contact angle only
changes from 84° to 87°. When the vibration frequency changes to 8300Hz, odd multiples of
the spindle rotation frequency, fish squamous structure are generated on the surface. Different
from wavy texture, the fish squamous structure is found to be able to significantly increase
hydrophilicity. At different vibration amplitudes, the contact angle of the machined surface
changes from 30° to 89°. As shown in Fig.11, the contact angle decreases with the increase of
the vibration amplitude and reaches the lowest point when the vibration amplitude (5 um) equal
with the half of the feed per tooth (10 um). After that, the contact angle tends to increase with
vibration amplitude.

Fig.12 illustrates the effects of phase difference and vibration frequency on the contact
angle when the vibration applied in the feed and cross feed direction.

When the vibration frequency is 8400Hz (even multiples of spindle rotation frequency),
the contact angle increases to 89° at phase difference of n/4. Then the contact angle tends to
reduce to the lowest point ( about 73°) at the phase difference of n/2. After that, though the
contact angle is slightly increased, it is still less than the contact angle of the surface generated
without vibration.

When the vibration frequency changes to 8300Hz (odd multiples of the spindle rotation
frequency), complex surface topography is generated on the machined surface, reducing the
contact angle of the machined surface. As shown in Fig.12, the contact angle tends to decrease
with the increase of the phase difference, it reaches the lowest point of about 53° when the
phase difference is /2. After that, the contact angle is also slightly increased with the vibration
amplitude, but it is still less than that of the surface generated without vibration.

4.2 Tool wear analysis

The influence of the vibration frequency on the tool wear is investigated. The tool wear in the
machining process with same feed-direction but different vibration frequency is compared.
Two vibration frequencies of 8400 Hz and 8300 Hz, namely, even and odd multiples of the

spindle rotation frequency (100 Hz), are adopted. After machining 30x20 mm slots, it can be



noted from Fig. 13, both of the corner radius and minor cutting edge of the tool are damaged.
It should be due to the fact that when the vibration frequency is odd multiples of the spindle
rotation frequency, the valleys (crests) of the current cutter path meet the crests (valleys) of the
following cutter trajectory. Consequently, the instantaneous cutting thickness changes
drastically, resulting intermittent impact on tool. When the vibration frequency is even
multiples of the spindle rotation frequency, differently, the valleys (crests) of the current cutter
path meet the valleys (crests) of the following cutter trajectory. In such case, no sudden change
in instantaneous cutting thickness occurs and the cutting force changes smoothly. So slight
worn of the corner radius and minor cutting edge of the tool could be found, as shown in Fig.14.
Based on above analysis, it can be noted that the RVS not only affects the surface texture
generation, but also has great influence on tool wear. When the fish-scale surface texture is

generated, the wear rate of tool is faster, compared with that of wavy-structure.

4.3 Potential application

The functional surfaces with controllable surface wettability have exhibited wide applications
in many fields. For instance, in micro-channel, such kind of functional surface enables to
effectively control the flow rates and mixing efficiencies of different fluids on the specific
region of micro-channel, significantly contributing to enhance the functional performance the
micro-channel device. However, it is difficult to achieve controllable surface wettability in
different regions of micro-channel by traditional processing methods, which requires novel
promising machining process capable of solving this key issues. In the present work, vibration-
assisted milling has been proven to be one viable solution for such type of application. By
combining modeling and experiments, the surface generation mechanism of textured surface
in vibration assisted machining has been emphatically focuses, which is significant to the
further application of vibration-assisted machining in the fabrication of such kind of functional
surface. The proposed surface work well for 1D vibration-assisted milling, but it is still not
accurate enough to predict the generation of surface topography in 2D vibration-assisted
machining, due to the coupling effect of x- and y-direction vibrations. Besides, it should be
noted that, in this study, the back-cutting effect is neglected. Nevertheless, for a long slot
machining, the back-cutting effects should be fully considered. Though it is beneficial to
reduce surface roughness, no obvious texture could be generated on the multi-cut surface, due

to the effects of the minimum cutting thickness and material elastic recovery. This phenomenon



limits the processing of microstructures using vibration assisted milling. A novel machining

strategy should be further investigated to avoid the back-cutting effect in the future.

5 Conclusion

In this paper, based on the homogeneous matrix transformation and cutting-edge sweeping
technology, a surface topography modelling model for vibration-assisted micro milling is
proposed. On the basis, the influence of the machining and vibration parameters on surface
texture generation and wettability performance are investigated. The following conclusions can
be drawn:

1. Asimple and accurate surface generation model is proposed, emphatically focusing on the
effects of vibration parameters on the surface generation mechanism. The proposed surface
texture model could accurately depict the generation process of surface topography in 1D
vibration-assisted milling.

2. The ratio of vibration frequency to spindle rotation frequency (RVS) has significant
influence on the surface texture generation. Periodical fish scale textured surface can be
generated, when the vibration frequency of 8300Hz applied in feed direction is odd multiple
of the spindle rotation frequency. Wavy surface textures can be generated when the
vibration frequency of 8400Hz applied in feed direction is even multiple of the spindle
rotation frequency.

3. The vibration frequency has significant impact on tool wear, worse tool wear is found of
8300 Hz (odd multiples of the spindle rotation frequency) than 8400 Hz (even multiples of
the spindle rotation frequency) because of instantaneous cutting thickness changes
drastically.

4. The spatial distribution of the surface texture tends to change with the phase difference
between x- and y-direction vibrations signals, and different textures can be generated by
using different vibration parameters.

5. The relationship between the machining and vibration parameters and the contact angle is
established. Machined surface wettability is controllable by changing the vibration
parameters, the contact angle can be changes from 30° to 89°. Moreover, fish scale textured
surface shows better wettability than wave structure.
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Table 1 Parameters of the micro cutting tool

Parameter Value
Tool diameter, D 1 mm
Number of flutes, N 2
Corner radius, re 3 um
Angle of the minor cutting edge, k 5°
Cutting edge radius, 73, 5um

Table 2 State value for each HMT

HMT X y Zlal|p y
T, 0 0 0[{0|0]|p—wt
YT, | Asin(2mf,t + @,) | Bsin(2nf,t+@,) |00 |0 0
YT, | %o+ (i—1Da, Vo + vt 0/0|0 0
Table 3 Machining and vibration parameters
y Spindle F;:rd | >.<-d|rect|(?n | | 3./-d|rect|c.m | Phase
speed vibration  vibration  vibration  vibration difference
No. tooth . .
(rpm) amplitude frequency amplitude frequency (rad)
) m (M) m) (H2)
1 6000 10 2 8300 0 0 0
2 6000 10 5 8300 0 0 0
3 6000 10 7 8300 0 0 0
4 6000 10 7 8400 0 0 0
5 6000 10 5 8400 5 8400 /2
6 6000 10 5 8400 5 8400 0
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