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To prepare surfaces with stable anti-icing properties, square-column micro/nanocomposite structures were fabricated using wire-cut electrical
discharge machining. Smooth and hydrophobic/superhydrophobic surfaces were tested for wettability and were subjected to mechanistic
analysis. Droplets were found to produce an ‘air cushion effect’ upon contact with the microstructure, which reduced the contact area
between the droplets and the aluminium substrate and increased the contact angle of the droplets on the surface. The icing experiment
quantitatively evaluated the anti-icing performance of the surfaces by observing the cooling time and out-of-phase icing time of water
droplets. It was found that the anti-icing effect is influenced by the wettability of the material and that the superhydrophobic surface has
excellent anti-icing properties. Combined with the one-dimensional heat transfer theory for analysing the mechanism of icing, the results
show that the ‘air cushion’ reduces the heat transfer between the solid and liquid and increases the thermodynamic barrier to ice core
formation. The stability of the sample surface was tested by icing-melting experiments and friction experiments, and the test piece
exhibited stable wettability and anti-icing performance.
1. Introduction: Icing is a common natural phenomenon that can
increase safety risks and cause economic losses. For example, the
safety of aircraft is affected by the freezing of critical components
[1]; icing can damage rolling stock and cause traffic accidents
[2]; and if communication and electricity transmission lines
become iced, the ice needs to be removed to avoid affecting the
efficiency of transmission [3, 4]. Methods such as heating, chemical
and mechanical approaches [5, 6] are used as common deicing
methods. Although these methods can effectively remove the ice
on a machine, they have the disadvantages of having low efficiency,
wasting resources and even causing environmental pollution.
Therefore, the development of surfaces with delayed icing has
become a new way to solve the problems of icing.

A surface with a water droplet contact angle >150° and a sliding
angle <10° is called a superhydrophobic surface. In recent years,
with the development of micro/nanotechnology and bionics,
superhydrophobic surfaces with excellent functions such as self-
cleaning [7, 8] drag reduction [9], oil–water separation [10] and
anti-corrosion [11] have attracted extensive attention.

In the field of anti-icing, many studies have reported that super-
hydrophobic surfaces may perform better than smooth surfaces
[12, 13] because the initial nucleation of droplet icing was delayed
by surfaces with a large contact angle [14]. Therefore, researchers
have attempted to prepare superhydrophobic surfaces to obtain sur-
faces with delayed or anti-icing properties [15–17]. Studies have
shown that the superhydrophobic properties of the lotus leaf are
derived from the micro/nanostructures and waxy crystals on its sur-
faces [18]. Thus, processing composite structures has become one of
the methods for obtaining a superhydrophobic surface. For example,
Guo et al. [19] processed ratchet-shaped micro/nanocomposite
structures on a stainless steel surface by machining and ZnO nano-
hair planting. The freezing time at −10°C can be delayed to 7220 s.
Liu et al. [20] obtained a superhydrophobic composite surface by
pulsed fibre laser processing and anodising, and the surface
showed very good anti-icing performance.

In addition, researchers have successfully prepared composite
microstructures by chemical vapour deposition [21], electrochem-
ical and electroless chemical deposition [22] and crystal preferential
etching [23] to obtain a superhydrophobic surface and assessed its
anti-icing performance.
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Although many studies have shown that superhydrophobic
surfaces have anti-icing properties, the influence of superhydro-
phobicity on their anti-icing properties is still inconclusive. There
are also reports that superhydrophobic does not necessarily corres-
pond to anti-icing [24]. In addition, the anti-icing ability of super-
hydrophobic surfaces with the same wettability and different
structures is different. The reasons for these results need to be
further explored. Therefore, based on the composite structures of
the lotus leaf and the characteristics of wire-cut electrical discharge
machining (WEDM), square-column composite structures are
processed on the surface of aluminium alloy. The anti-icing per-
formance of samples with different wettability was quantitatively
evaluated by comparison with the anti-icing performance of
smooth surfaces and hydrophobic/superhydrophobic surfaces. The
mechanism and stability of the surfaces with delayed icing, which
are of great significance for exploring the development of new
deicing technology, were also analysed and evaluated.

2. Sample preparation
2.1. Microstructure design: Based on the processing characteristics
of WEDM and the micro/nanocomposite structure of the lotus leaf
surface, square-column composite structures were designed and are
shown in Fig. 1. The top edge length, the column spacing, and
the column height of the square-column structures were defined
as a, b, and h, respectively.

The Cassie model is a wetting model. When the contact of a
droplet with a rough surface corresponds to the Cassie model,
trapped air is present beneath the droplet; thus, the droplet does not
penetrate the interior of the microstructure, and the solid–liquid inter-
face converts into a solid–gas–liquid interface. To prepare a superhy-
drophobic surface, the behaviour of droplets on the surface must
follow the Cassie model. Therefore, according to the Cassie law [25]

cos uc = −1+ fs( cose +1) (1)

The area fraction ( fs) of the solid–liquid interface on the surface of
the square-column microstructures was

fs =
(a+ 2h′)2

(a+ b)2
(2)
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Table 1 Geometric parameters of square-column composite structures

Sample number a, μm b, μm h, μm

no.1 (hydrophobic) 300 300 600
no.2 (superhydrophobic) 300 750 600

Fig. 3 Anti-icing performance test bench

Fig. 1 Square-column composite structures

Fig. 2 Square-column composite structure processing schematic
a Machined into array grooves on the surface of the polished aluminium
alloy
b Rotate the workpiece 90° and perform second machining on the array
grooves
where h is the depth at which the droplets were penetrated in the
microstructure. Substituting formula (2) into formula (1) yields

cos uc = −1+ 1+ 2h′/a
( )

(1+ (b/a))2
( cos ue + 1) (3)

It is known that the contact angle θe of a smooth aluminium alloy
surface is 56°. Assume that the droplet was not immersed in the
microstructure at all (h′=0). When designing a superhydrophobic
surface, assume that the theoretical contact angle of the droplet
with the surface is 150°, β1 = b/a≈2.41; when designing a hydropho-
bic surface, assume that the theoretical contact angle of the droplet
with the surface is 125°, β2 = b/a≈0.9. For the convenience of calcu-
lation, β1 was taken as 2.5, and β2 was taken as 1. As shown in (3),
the contact angle was not affected by the column height. In combin-
ation with the processing conditions of WEDM, the height was taken
to be 600 μm. The design dimensions can be seen in Table 1.

2.2. Microstructure preparation: The test material was aluminium
alloy 6061 with a sample size of 15 mm×15 mm×5 mm. Test
reagents include acetone, absolute ethanol, deionised water etc.
The aluminium alloy was polished using 400#-2000# sandpaper,
and then the surface of the aluminium alloy was machined using a
wire electric discharge machine. The machining process is shown
in Fig. 2. The machining parameters were as follows: the pulse
power supply was 50–70 V, the pulse interval was 84 μs, the pulse
width was 12 μs, and the peak current was 1.5 A. The processed
workpieces were ultrasonically cleaned in acetone, absolute ethanol
and deionised water in turn and naturally dried.

2.3. Characterisation and analysis: The surface morphology of the
workpiece was observed using a scanning electron microscope
(SEM), and their wettability was detected using a video optical
contact angle meter. Deionised water (4 μl) was used to test the
wettability of the workpiece. The wettability test was conducted
10 times, and the average value was taken as a result.

2.4. Icing performance: The anti-icing performance of the samples
was tested using a homemade icing performance test rig, which
consisted mainly of a semiconductor refrigeration module and an
image acquisition system (Fig. 3). The initial temperature and
initial relative humidity in the anti-icing performance test were
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20 ± 3°C and 40%, respectively. When performing the icing per-
formance test, the samples were placed on the refrigeration
device, and water droplets of 4 μl were injected onto the surface
of the sample. Then, the temperature of the refrigeration device
was adjusted to the predetermined temperature, and the droplet
freezing process was observed and recorded.

2.5. Stability test: The stability of the superhydrophobic/hydropho-
bic surface in practical applications was tested by icing-melting
experiments and friction experiments. The icing-melting experi-
mental procedure was as follows: a beaker (beaker capacity of
100 ml) was taken, and the superhydrophobic sample was placed
into the beaker. Next, 50 ml of deionised water was poured into
the beaker, and the beaker was placed in a refrigerator at− 10°C
until it was completely frozen. Then, the frozen sample was
placed at room temperature, and after the ice was completely
melted, the test piece was ultrasonically cleaned in acetone, abso-
lute ethanol and deionised water in turn and naturally dried. After
every four icing-melting tests, the contact angle of the test piece
and the droplet icing time were measured (surface temperature
was −10°C). The friction experimental procedure was as follows:
2000 CW sandpaper was taken, and the workpiece was placed hori-
zontally on the sandpaper; a 20 g weight was placed on the surface
of the sample, and the sample was pulled on the surface of the sand-
paper with a rubbing distance of 100 mm to reciprocate.

3. Results and analysis
3.1. Surface morphology and wetting properties: The dimensions of
the microstructure of the hydrophobic workpiece and superhydro-
phobic workpiece were measured, and the results are shown in
Fig. 4. The top edge length, column height, and column spacing
of the hydrophobic surface were 301 ± 9.38, 596 ± 8.89 and
300.7 ± 4.32 µm, respectively; the top edge length, column height,
and column spacing of the superhydrophobic surface were
298 ± 6.38, 602 ± 10.89 and 750 ± 6.62 µm, respectively. By com-
paring the actual dimensions with the design dimensions, it can
be seen that the prepared workpieces meet our expectations.
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Fig. 5 SEM images of the microstructure of the superhydrophobic sample
a Scanned image at low magnification
b Scanned image at medium magnification
c Scanned image at high magnification

Fig. 4 Dimensions of the square-column structures
a Hydrophobic sample
b Superhydrophobic sample

Fig. 7 Ice formation process on the superhydrophobic surface

Fig. 6 Water droplet contact angle images on the specimen surface
a Smooth specimen surface
b Hydrophobic specimen surface
c Superhydrophobic specimen surface
SEM images of the square-column composite structures are
shown in Fig. 5. Fig. 5a shows that the square-column structures
constructed on the surface of the aluminium alloy were arranged
neatly. Fig. 5b shows that there were many convex pit-shaped
microscale structures distributed on the surface of the microstruc-
tures. When the local structure is further magnified, sub-micron
or even nanoscale structures can be found at the top of convex
pit-shaped microscale structures (as shown in Fig. 5c).
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Therefore, convex pit-shaped microscale structures were formed
on the surface of the microstructure, which made the topography of
the sample surface more rough and complex by producing an ‘air
cushion’ effect. In addition, due to the instantaneous high tempera-
ture generated by the electric field, the working fluid was gasified
during processing. The gaseous working fluid condensed and
adhered to the surface of the material, increasing the carbon and
oxygen content. As a result, the composition of the aluminium
alloy surface changed [26]. The micro/nanocomposite structure
and the change in the material composition were responsible for
the increase in the hydrophobicity of the aluminium alloy.

After measuring the wettability of the test piece, it was found that
the droplet exhibited a crown on a smooth surface with a contact
angle of 55.35° (Fig. 6a); it was also found that the droplets exhib-
ited a spherical shape on the hydrophobic and superhydrophobic
surfaces with contact angles of 140.64 ± 2.68° (Fig. 6b) and
157.71 ± 3.42°, respectively (Fig. 6c). One-step preparation of
hydrophobic and superhydrophobic aluminium alloy surface is
achieved by processing the square-column composite structures
onto the aluminium surface.
3.2. Anti-icing experimental results and mechanistic analysis:
Droplet icing includes two stages: homogeneous cooling and
out-of-phase icing. These stages are represented by the homoge-
neous cooling time (tc) and the out-of-phase freezing time (tf),
respectively. The boundary between homogeneous cooling and
out-of-phase icing was distinguished by the contact state of the dro-
plets on the surface of the material: in the homogeneous cooling
stage, the shape of the droplets changed continuously, while in
the stage of out-of-phase icing, the contact state of the droplet on
the surface did not change. The surface of the frozen droplet
becoming frosted represented the end of the out-of-phase icing
stage. Fig. 7 depicts the process of the icing of droplets on the
superhydrophobic surface, and the homogeneous cooling stage
and out-of-phase icing stage are noted in the figure. The anti-icing
performance of the surface of the test piece was evaluated by com-
paring tc and tf. The test results are shown in Fig. 8.

As shown in Fig. 8, both the superhydrophobic surface and the
hydrophobic surface exhibited superior anti-icing effects compared
to that of the smooth surface. The anti-icing performance of the
superhydrophobic surface, hydrophobic surface and smooth surface
decreased in turn. When the surface temperature was −5°C, the
homogeneous cooling time and out-of-phase icing time of the
hydrophobic surface and superhydrophobic surface were larger
than those of the smooth surface; as the surface temperature
Micro & Nano Letters, 2020, Vol. 15, Iss. 7, pp. 474–479
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Fig. 9 Contact angle and icing time after repeated icing-melting tests

Fig. 8 Time histogram of the homogeneous cooling stage and out-of-phase
icing stage
a Homogeneous cooling time
b Out-of-phase icing time
continuously decreased, the homogeneous cooling time and
out-of-phase icing time of the hydrophobic/superhydrophobic sur-
faces were greatly reduced. However, compared with the smooth
surface, the hydrophobic/superhydrophobic surface still greatly pro-
longed the duration of the homogeneous cooling stage and the
out-of-phase icing stage.
As the temperature continued to decrease, the homogeneous

cooling time and out-of-phase icing time of the hydrophobic
surface and superhydrophobic surface gradually decreased. When
the surface temperature dropped to −15°C, the superhydrophobic
surface and the hydrophobic surface showed similar anti-icing
effects, which can be explained by the fact that the homogeneous
cooling time and the out-of-phase icing time were very similar. It
can be seen from the icing time that the hydrophobic surface and
the superhydrophobic surface had excellent anti-icing properties
but the anti-icing performance was weakened with decreasing
temperature.
When water freezes at 0°C, according to the one-dimensional

heat transfer theory, the relationship between the time t of delay
in the freezing of water droplets and the initial temperature T0 of
cooling was as follows [27, 28]:

VT0 = tKS (4)

where V is the volume of the droplet, K is a constant associated with
the surface temperature and the specific heat of the water, and S is
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the actual contact area of the water droplet with the surface.
Therefore, the time at which the droplet delays freezing was propor-
tional to the value of V/S

t = V/S

V0
(5)

where V0 is the speed at which the droplet freezes. When V0 was
increased, the delay time of droplet icing decreased. When the
droplet volume was constant, the larger the contact area was, the
smaller the value of V/S, and the smaller the delay time of icing.
Compared with the hydrophobic/superhydrophobic surfaces, the
smooth surface had no micro/nanoscale pits. The contact area of
the droplet with the smooth surface was the largest among the
three surfaces, so the delay time of icing was the shortest. More
air was trapped by the hydrophobic surface and superhydrophobic
surface with a micro/nanocomposite structure than the smooth
surface, which reduced the actual contact area of droplets with
the solid surface and delayed the icing process.

In summary, the hydrophobic surface and the superhydrophobic
surface had better anti-icing effects than the smooth surface.
Compared with the smooth surface, the hydrophobic surface and
superhydrophobic surface trapped air in their convex pit-shaped
microstructures. Since air is a poor conductor of heat, heat transfer
between the solid and liquid was reduced, and the icing process was
delayed. With the same droplet volume, a large contact angle would
increase the distance from the centre of gravity of the droplet to the
solid surface, which would increase the thermodynamic barrier to
ice core formation.

4. Stability test
4.1. Icing-melting test: To test the stability of the superhydrophobic
aluminium alloy surface in practical applications, an icing-melting
experiment was carried out. The experimental results are shown
in Fig. 9.

Fig. 9 shows that the performance of the prepared superhydro-
phobic aluminium alloy surface was relatively stable. After up to
20 icing-melting tests, the contact angle and icing time did not
change much. The roughness of the sample surface was measured
using a laser confocal microscope, and the measurement results
are shown in Fig. 10. Fig. 10 shows that the surface roughness of
the test piece was slightly reduced as the number of icing-melting
tests increased. Observation of the microstructure of the test piece
by SEM revealed that the surface of the microstructure was not sig-
nificantly damaged (Fig. 11). The change in roughness may be the
main factor affecting the contact angle and anti-icing performance
477
& The Institution of Engineering and Technology 2020



Fig. 11 Microstructure following different numbers of icing-melting experi-
ments (The number after N represents the times of ice-melting experiments)

Fig. 10 Roughness of the sample surface and the number of icing-melting
experiments

Fig. 12 Friction test results

Fig. 13 SEM images of the sample surface with different numbers of friction
tests
a 10 friction tests
b 20 friction tests
c 30 friction tests
of the test piece [13]. The micro/nanoscale pits of the microstruc-

tured surface were slightly disrupted by the repeated icing-melting
processes, which increased the actual contact area of the droplets
with the surface and reduced the icing time.

4.2. Friction test: Because the damage to the surface microstructure
caused by the freezing-melting test is small, a friction test was
carried out to investigate the stability of the surface wettability
and anti-icing performance of the samples.

Fig. 12 shows that when the number of friction tests was 10 and
20, the change in contact angle was within 5°, and the surface wett-
ability was unchanged. However, when the number of friction tests
was 30, the contact angle of the surface was drastically lowered by
∼10°.

The wettability of the surface of the material was directly affected
by the microscale convex pit-shaped structures on the surface of the
square-column structure, so the wettability of the surface after fric-
tion testing was directly related to the integrity of the microstruc-
ture. Fig. 10 shows that in the case of slight friction (Figs. 13a
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and b), the micro/nanostructures on the square cylindrical surface
were either not damaged or slightly damaged, and the pit and
convex structures were relatively complete. Therefore, the hydro-
phobic properties of the surface were less affected. However, the
micro/nanocomposite structures on the surfaces were destroyed
by continuous friction (Fig. 13c), which reduced the hydrophobic
properties of the aluminium alloy surface.

5. Conclusion: In the present work, aluminium alloy hydrophobic
surfaces and superhydrophobic surfaces were obtained by using
WEDM. Based on the characterisation of the hydrophobic/superhy-
drophobic aluminium alloy surface, the following conclusions were
drawn:

(i) The square-column micro/nanocomposite structures on the
surface of the aluminium alloy, which were fabricated by
Micro & Nano Letters, 2020, Vol. 15, Iss. 7, pp. 474–479
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high-speed WEDM, produce an ‘air cushion’ effect and reduce the
contact area between solid and liquid. One-step preparation of a
hydrophobic/superhydrophobic aluminium alloy surface is
achieved.

(ii) The wetting property of the material surface has a certain influ-
ence on its anti-icing performance. The hydrophobic/superhydro-
phobic surface produces the ‘air cushion’ effect because of its
microscale convex pit-shaped structures and reduces heat transfer,
thereby delaying the icing time.

(iii) The anti-icing effect of the hydrophobic/superhydrophobic sur-
faces decreases with decreasing temperature, but it is still superior
to that of the smooth surface at the same temperature. Stability
experiments show that the square-column composite structures on
the surface have high environmental stability and mechanical
strength.
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