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ARTICLE INFO ABSTRACT

Keywords: o This paper reports enhanced anisotropic wettability using two-level hierarchical micro-structures. First-
Surface modification order micro-channels with superimposed second-order micro-textures were machined on aluminum
Ml.cm ma.Chmmg. surfaces using ultrasonic elliptical vibration cutting (EVC). Controllable sinusoidal micro-textures with a
Anisotropic wetting . R R
wavelength one order of magnitude smaller than the widths of the first-order micro-channels were
applied to the surface. Anisotropic wettability was evaluated by water contact angle measurements in
two orthogonal directions. The results have shown that the generated hierarchical micro-structures have
nearly doubled the anisotropic contact angle in comparison to one-level structures. A relationship
between anisotropic wetting characteristics and process parameters is also presented.
© 2014 CIRP.

1. Introduction facilitates the water droplets to roll off the wings [5]. The
hierarchical structures of these two examples are shown in Fig. 2.
Research on engineered surfaces for manipulating surface
wettability has attracted much interest in both industry and Perpendicular CA
academia due to its potential applications in high performance :
micro-fluidic devices, self-cleaning surfaces, biomedical products,
etc. [1]. Surface wettability is often characterized by the water
contact angle (CA). For an isotropic surface, the water droplet tends
to remain of a spherical shape due to its minimal energy state, in
which no particular direction is favored. Researchers have found
that asymmetric designs of surface structures introduce aniso-
tropic wettability [2], in which the water droplet contact angles are
different depending on the direction in which the angle is
measured. For example, in the case of parallel channels, apparent
contact angles are measured in directions parallel and perpendic-
ular to the channels and denoted as 6, and 6, as shown in Fig. 1.
The water droplet tends to elongate in the channel direction,
forming an ellipsoid, and thus yielding a smaller contact angle, 6,
compared to the perpendicular contact angle, 6,. The difference
between these two angles, Af, is a representative quantity that
characterizes the anisotropic wettability of the surface [3].
Anisotropic wetting is observed in nature on many biological
surfaces. Their hierarchical structures are one of the key factors to
achieve high anisotropic wetting. For example, the hierarchical
micro-structures on rice leafs induce strong anisotropic wetting to
encourage water droplets to slide along the longitudinal direction
of the leaf [4]. Another example is the surface of butterfly wings. Fig. 2. SEM images of (a) rice leaf [4] and (b) butterfly wing [6].
The hierarchical arrangement of micro-scales and nano-stripes

Inspired by nature, researchers have been exploring different
fabrication techniques to efficiently produce artificial hierarchical
structures for enhanced anisotropic wetting. Nanoimprint lithog-

"+ Corresponding author. raphy was used to sequentially pattern two-order structures on
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polystyrene (PS) and PMMA films [7]. Since metal surfaces are of
specific interest for many industrial applications, femtosecond
laser ablation has been reported to create periodic surface
structures on stainless steel surfaces [8]. However, the existing
methods are still limited in terms of their mass production
capability due to high cost, long processing times, and material
restrictions.

This paper proposes a vibration-assisted machining method,
inspired by elliptical vibration cutting (EVC), to generate hierar-
chical micro-structures on metal surfaces in a one-step machining
process. It is based, as described in Section 2, on the overlapping of
elliptical tool trajectories to generate controlled second-order
textures, while machining the first-order micro-channels. Micro-
channels with and without second-order textures have been
generated on aluminum surfaces as described in Section 3. Their
anisotropic wettability was measured and reported in Section 4
showing strong anisotropic wettability. A linear relationship has
been found between the anisotropic angle and the channel gap
distance.

2. Elliptical vibration cutting

The original idea of EVC to utilize largely overlapping elliptical
trajectories for improved cutting performance was proposed by
Moriwaki and Shamoto [9]. The principle of the EVC process is
shown in Fig. 3. The cutting tool usually vibrates along an elliptical
trajectory in the cutting plane at an ultrasonic frequency. The tool
vibration, when coupled with a slow feed motion (i.e., smaller than
the maximal vibration velocity in the cutting direction), results in
overlapping tool trajectories. This brings two-fold benefits to the
cutting operation: (1) the reverse motion of the tool turns the
continuous cutting into an intermittent process, which reduces the
average cutting forces and increases tool life; (2) the overlapping
tool trajectories reduce the effective chip thickness, which
facilitates a ductile-mode cutting regime when machining brittle
materials [10]. The machined surfaces are left with periodic marks
due to the overlapping trajectories. The frequency and wavelength
of these cusps, or micro-textures, are determined by the vibration
amplitudes as well as the nominal feed velocity. In conventional
EVC processes, the feed velocity is often kept very small, so that the
process can even produce a much better surface finish than that
produced by traditional machining, e.g., a nano-metric surface
finish. Since the actual cutting period during each cycle is also
decreasing with the decrease of the nominal feed velocity, the
instantaneous uncut chip thickness is dramatically reduced.

Tool trajectory

Tool

Machined surface Cusps

Fig. 3. Schematic of elliptical vibration cutting.

The proposed method, although also termed EVC, unlike
conventional EVC uses very high feed velocities that result in
loosely packed tool trajectories for surface texture generation.
Here, vibration-induced micro-textures are utilized to generate
hierarchical structures in a one-step machining process. The first-
order micro-channels (on the order of tens to a few hundred
microns) are generated by applying elliptical vibrations in a
grooving operation. The second-order textures (on the order of a
tenth to a few microns) are simultaneously created due to the
overlapping tool trajectories in consecutive vibration cycles. The
nominal feed velocity in this case is then determined according to
the required wavelength of the second-order micro-textures.

The tool trajectory can be decomposed into two sinusoidal
functions in the cutting and depth-of-cut directions with a linear
feed motion in the cutting direction, which can be expressed by:

X = Asin(wt) + vt (1)
y =Bsin(wt) + ¢

where x and y are tool positions in the cutting and depth-of-cut
directions; A and B are the vibration amplitudes; w is the tool
vibration angular velocity; ¢ is the displacement phase angle
between the two vibrations; and v is the nominal feed velocity.

Given a fixed tool vibration frequency, the wavelength of the
micro-textures is determined by the relative tool motion in the
cutting direction during a full vibration cycle, i.e.,

2mv
C w

A (2)

The coordinates of the cusps in the cutting plane satisfy the
following set of equations:

61 +6,\ . (616, v /(0 -6, o
Acos( 5 )sm( 5 >+5< 5 ) =0 3)
sin(01 + @) = sin(6, + @)

where 0, and 6, are two particular angular positions corresponding
to the cusp, with values limited between 0 and 2. Their particular
values can be solved numerically.

The amplitude of the textures in the depth direction is
determined by the height of the cusps, i.e., given by:

h=B(1 —[sin(6; + ¢))) (4)
3. Experiment and measurement procedures

The EVC principle has been previously applied by the authors
for the fast generation of micro-structured surfaces on cylindrical
surfaces in the turning operation [11]. A tertiary motion generator
(TMG) has been designed to deliver the required ultrasonic
elliptical vibrations [12]. The device consists of two Langevin
piezoelectric transducers and utilizes their coupled resonant
modes in two orthogonal directions to produce amplified elliptical
vibrations at the tool tip.

The same TMG has been utilized in this work and adapted to a
planer configuration, as shown in Fig. 4. The customized motion
stage provides the feed motion in the cutting direction (X-axis) and
sets the depth-of-cut (Y-axis) and the cross feed (Z-axis). It is
composed of two side wedges and a center wedge. The two side
wedges move in the X-axis direction to control the cutting motion,
and their relative motion determines the Z-axis motion [13]. An
independent Y-axis slide is installed on the center wedge. The stage is
controlled by a Delta-Tau UMAC system through a Labview interface.

o™

motion
generator S

Fig. 4. Experimental setup.

A calibration procedure for the TMG is necessary prior to the
experiment. The shape and direction of the vibration trajectory are
influenced by the frequency of the sinusoidal excitation signals to
the two transducers and the phase shift angle between them. The
excitation frequency was adjusted to match the coupled resonant
frequency; and the phase shift angle was tuned to control the
orientation and direction of the elliptical trajectory. The vibrations
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were monitored using two capacitance displacement sensors from
MicroSense, which have a sub-nanometer resolution and a
100 kHz bandwidth. The sinusoidal excitation signals were
generated by a National Instrument data acquisition card (NI
DAQ PCle-6361) and sampled at 1.5 MHz. The signals were then
amplified through a piezo amplifier (TREK PZD 350). The
displacement signals from the capacitance sensors were recorded
using the same data acquisition card at 500 kHz. The excitation
frequency was determined to be 28 kHz, while the phase shift
between the two input signals was adjusted to be 95°. These
settings achieve the optimal tool trajectory shown in Fig. 5. The
tool vibration direction along with its stationary orientation is also
illustrated in the figure.
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Fig. 5. Recorded tool trajectory.

The cutting tool used to create micro-channels was a commercial
polycrystalline diamond (PCD) insert, with a 100 wm nose radius.
The rake and clearance angles were 10° and 7°, respectively. Another
single-crystal diamond insert with a 500 wm nose radius, 0° rake
angle and 7° clearance angle was used to pre-machine the surface. It
was used to shape the sample surface without applied vibrations to
provide a smooth and flat base for channel generation. The
workpiece material used was aluminum alloy AA6061-T4.

The machining procedures are described as follows. The X-axis
motion provides the feed motion in the cutting direction at a speed
of 150 mmy/s. When operating without vibrations, the cutting
motion was solely provided by the motion stage with a cutting
velocity equal to the stage velocity (150 mmy/s); while in the EVC
mode, the cutting motion is contributed by the combination of the
tool vibrations and the feed motion. The workpiece was first
machined using the 500 pm insert, with a 50 um cross feed in the
Z-axis. The relatively high surface roughness Ra of the pre-
machined surface of 150 nm, measured in the cutting direction, is
attributed to the low cutting speed used. Then, a series of channels
were generated using the 100 wm insert. For each sample, a
different channel gap was set. For comparison, 8 samples were
machined with ultrasonic elliptical vibrations for 8 different
channel gaps; while another 8 samples were machined directly
without vibration for the same set of channel gaps. The nominal
cutting depth was kept constant at 20 wm; however, due to the
nose radius of the cutting insert, when the gap is small, the
channels start to overlap in the cross feed direction, causing a
reduced depth. The actual measured channel gaps and depths are
summarized in Fig. 6 for channels generated with and without the
elliptical vibrations. It should be noted that one important
parameter is constant for all samples, which is the curvature of
the channel cross-section profile. It is determined by the tool nose
radius (100 pm).

All machined samples were washed using an ultrasonic cleaner
and dried under room temperature. The wettability tests were
performed using a water contact angle measuring instrument
(Kriiss GmbH, DSA25). The droplet size was controlled at 1 L.
According to the definition in the introduction part, perpendicular
and parallel contact angles (namely, 6, and 6) were both
measured. Each measurement was repeated three times at
different locations.
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Fig. 6. Measured channel depth for each experiment.

4. Results and discussion

Examples of machined surfaces are given in Fig. 7. Channels
machined without and with elliptical vibrations are shown in Fig. 7a
and c, respectively. Their appearances allow for making an easy
distinction, given their different light reflections. The smooth
channels appear to be more reflective and have a glossy finish.
The textured channels show a matte finish. Fig. 7b and d shows the
magnified views of two different kinds of channels. It can be noticed
that vibration-induced textures are distributed over the whole
channel surface where the tool contacted the workpiece. Vibration-
induced hierarchical structures are demonstrated in Fig. 8. The
surface profile, of the first-order structure parallel channel in the
cross feed direction is plotted in Fig. 8a. Burr formation was found on
one side of the channel wall. The surface profile in the cutting
direction at the bottom of the channel is plotted in Fig. 8b. It shows
the second-order micro-textures with an amplitude of around
0.5 wm. The wavelength of the textures was calculated from the
autocorrelation function of the surface profile to be 5.5 m, while
the theoretical value based on Eq. (2) is 5.4 pum.

Fig. 7. Machined samples without elliptical vibrations: (a) optical image and (b)
magnified view; machined samples with elliptical vibrations: (c) optical image and
(d) magnified view.

The measured contact angles in two directions for different
channel gap distances are plotted in Fig. 9 for the smooth and
textured cases. Due to the anisotropic wettability induced by the
micro-channels, the water droplet spreads easier along the channel
direction, while it is pinned along the perpendicular direction, as
shown in Fig. 1. This confirms the results that the perpendicular
contact angles are always larger than the parallel ones, as shown in
Fig. 9. For reference, the isotropic contact angle for the flat surface
was measured to be 63 +3°, which is comparable to all the
measured 6. This indicates that hydrophobicity along the channel
direction slightly increases, while anisotropic wetting is mainly
induced by the increased perpendicular contact angles.

The above results are better interpreted by looking at the
anisotropic angle, Af, defined as the difference between the two
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Fig. 8. Surface profiles of the machined sample with elliptical vibrations in (a) the
cross feed direction and (b) the cutting direction.
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Fig. 9. Contact angles for (a) smooth and (b) textured channels.

measured contact angles. As shown in Fig. 10, it can be seen that
anisotropy increases at first with an increase in the channel gap,
and then decreases when the gap is further increased. There is a
transition point for both textured and smooth channels at which
anisotropic wettability is the largest. This can be explained by the
simultaneous interaction of two competing mechanisms: (1) the
increased channel gap elevates the energy barrier for water to
spread perpendicular to the channel, thus enhances anisotropic
wetting; and (2) the increased channel gap decreases the number
of channels covered by the water droplet, and thus reduces the
anisotropic effect.
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Fig. 10. Anisotropic angle comparison between one-level and hierarchical
structures.

The hierarchical structures associated with the textured
channels increase overall anisotropic wetting compared to one-
level structures. This is further analyzed in Fig. 11, where only the
first five increasing data points in Fig. 10 are considered. By a linear
regression, the anisotropic angle fits well to a straight line for both
textured and smooth channels. The slope of the curve measures the
anisotropic wettability induced by the channels. From the figure, it
can be seen that the slope for the hierarchical structures is double
that for one-level structures (0.4618 vs. 0.2327). In other words
this means that the anisotropic angles for textured channels are
always twice the values of those for smooth channels. This
anisotropy slope indicates an intrinsic property of the surface,
which does not depend on the channel gap and is insensitive to
channel depth. The intercept of the fitted line in theory should be
0°, where the channels are reduced to a flat surface. The results
(+3.09° and -3.78°) match our assumption. The reason for

8 O Non-textured channels
e 70r © Texured channels ]
2 gol| —y=0.2327x+3.092
B || ——y=04618x3.777 /
e 5ot !
'§ 40} 0/ ]
£ | =
2
< 20 a//g/ﬁ/ ]

10 : -

50 80 110 140

Channel gap /um

Fig. 11. Linear fit curve for the anisotropic angle.

enhanced anisotropic wetting in hierarchical structures is the
composite contact induced by the micro-textures, where air is
trapped at the water-solid contact interface.

5. Summary

This paper applies elliptical vibration cutting to the generation
of hierarchical micro-structures in a one-step machining process.
Inspired by nature, hierarchical structures have been applied to
create artificial super-hydrophobic surfaces. It is experimentally
verified in this paper, that hierarchical structures also significantly
enhance anisotropic wetting in surfaces with parallel channels. It
has also been discovered that the anisotropic angle linearly
increases with an increase in channel gap for both textured and
smooth channels. Future work will include a theoretical frame-
work of surface geometry on anisotropy, and a study on material
type, tool geometry and cutting conditions.
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