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ABSTRACT

In a low-temperature environment, water vapor in the ambient air is easy to condense and form frost on
superhydrophobic surfaces, causing a reduction of their anti-icing performance. In this paper, a femtosec-
ond laser was used to fabricate two new structures on polytetrafluoroethylene (PTFE) substrates to com-
pare anti-icing properties with conventional structures. The two new structures are Siberian-Cocklebur-
like microstructures and square pillars integrated Siberian-Cocklebur-like microstructures; whereas, the
conventional structures include microgrooves with small step size, microgrooves with large step size, and
square pillars. We illustrate the mechanism of forming the new structures in the interaction between the
femtosecond laser and PTFE. The two new structures have greater water contact angles in a low-
temperature environment than the conventional structures. We set up corresponding models for various
microstructures contacted with water droplets and discuss hydrophobicity diversity. The two new struc-
tures on PTFE can effectively inhibit the vapor condensation in the microstructures and improve the
hydrophobic performance and anti-icing property of PTFE surfaces in a low-temperature environment.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Icing is a common phenomenon that causes much inconve-
nience to normal production and daily life. Several methods, such
as chemicals treatment, mechanical vibration, electrothermal pro-
cess, have been adopted for deicing [ 1]. However, those techniques
come with environmental pollution, complex operation, and high
energy consumption [2,3]. A new strategy that employs a superhy-
drophobic surface for anti-icing has attracted research’s attention
[4-6]. Water droplets can keep a good spherical shape on the lotus
leaves’ surface where it is easy to roll off, so it is not easy to be wet-
ted by water droplets. Therefore, inspired by the effect of lotus
leaves, superhydrophobic surfaces have been prepared [7-10]. A
wax layer mainly governs the excellent hydrophobicity of lotus
leaves with low surface energy and the papillary microstructures
on the surface of lotus leaves [11]. The low surface energy and
micro/nanostructured morphologies are the keys to produce artifi-
cial superhydrophobic surfaces. Generally, the superhydrophobic
surfaces are defined with contact angles greater than 150° and
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rolling angles less than 10° [12]. Superhydrophobicity can reduce
the adhesion of the surface and make water droplets roll off easily
before freezing and delay freezing time [13]. Ice adhesion strength
with the superhydrophobic surfaces can be lowered as compared
to smooth surfaces. Cao et al. demonstrated that superhydrophobic
surfaces own the anti-icing ability, effectively preventing the ice
accumulation on the surfaces [14]. It was observed that the anti-
icing capability of superhydrophobic surfaces depends on the
superhydrophobicity and the size of particles exposed on the sur-
faces. Ruan et al. prepared superhydrophobic anti-icing surfaces
on the aluminum substrates by electrochemical anodic oxidation
and chemical etching [15]. The superhydrophobic surfaces showed
a lower freezing temperature (—6.1 °C) than those of the non-
treated aluminum surfaces (—2.2 °C), which indicates the anti-
icing property. Moreover, Guo et al. showed that the hierarchical
micro/nanostructures could delay the freezing time and enhance
the anti-icing performance of the surfaces compared to the single
microstructures or the single nanostructures [16]. Surface chemical
composition and morphologies play important roles in ice nucle-
ation in a low-temperature environment. The small contact area
between the water droplet and the surface reduces the heat trans-
fer and the rate of heterogeneous nucleation at the interface so that
superhydrophobic surfaces could delay the freezing time of the
water droplet [17]. The research found that the freezing

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2021.109689&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.matdes.2021.109689
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:chivinh@ciomp.ac.cn
mailto:weili1@ciomp.ac.cn
https://doi.org/10.1016/j.matdes.2021.109689
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes

C. Ge, G. Yuan, C. Guo et al.

temperatures of small droplets (10 pL) reduce with the decrease of
surface energy, while large droplets (300 pL) are independent in
surface energy [18]. However, some studies have shown that the
superhydrophobic surfaces do not always own the anti-icing
capacity. For example, in a low-temperature and high-humidity
environment, vapor in the air is easy to condense inside the
microstructures of the superhydrophobic surfaces, which leads to
the decrease of the hydrophobicity and the increase of the adhe-
sion strength between the ice and the surface. As a result, the ice
attached to the surface is more difficult to remove [19]. Another
research showed that the delay of freezing time on a superhy-
drophobic surface is one order of magnitude higher than that of
a superhydrophobic surface with nano roughness and high wetta-
bility [20]. Although the researches on anti-icing surfaces have
been studied for several decades, the fabrication approach of envi-
ronmentally friendly, low-cost, and excellent anti-icing perfor-
mance surfaces still needs further studies [21].

Recently, femtosecond lasers have attracted extensive attention
for their short pulse, high energy, and low thermal effect, which
can be widely used to process micro/nanostructures on the surface
of materials [22]. Among suitable polymers, PTFE can be chosen to
become superhydrophobic by having micro/nanostructures on its
intrinsically hydrophobic surface [23]. Moreover, it owns excellent
properties such as high-temperature resistance, anti-acid, anti-
alkali, and corrosion resistance [24]. It is still a great challenge to
design and fabricate excellent anti-icing PTFE surfaces that could
be widely used in industrial and daily lives in a low-temperature
environment. At present, many typical line patterns and grid pat-
terns with micro and nano hierarchical structures had been fabri-
cated on the surface of PTFE by a femtosecond laser. However,
the PTFE surfaces played a role as the mold surfaces [25,26]. Yin
et al. fabricated multifunctional and robust near superamphipho-
bic polytetrafluoroethylene (PTFE) surface with hierarchical
nano/microstructures by femtosecond laser, which exhibited
anti-icing, anti-corrosion, and mechanical stability [27]. Chu et al.
fabricated superamphiphobic surfaces with controllable adhesion
by a femtosecond laser Bessel beam on PTFE, which showed anti-
icing property [28]. However, the diversities of wettability and
anti-icing properties between PTFE surfaces with different mor-
phologies in a low-temperature environment have not been
researched yet. Moreover, the hydrophobicity of structured PTFE
surfaces will be decreased in the condensation and the formation
of frost on the PTFE surfaces. Some even would lose superhy-
drophobicity which plays a significant role in anti-icing property
in a low-temperature environment. Improving the anti-icing prop-
erty of PTFE surfaces for practical applications in a low-
temperature environment becomes an important issue.

In this paper, a femtosecond laser was employed to prepare
superhydrophobic surfaces with different morphologies. By con-
trolling laser energy, scanning speed, and scanning mode of laser,
PTFE surfaces with various morphologies and dimensions have
been successfully created. Herein, two excellent anti-icing prop-
erty structures of PTFE surfaces inspired by Siberian cocklebur
structures were created. They were Siberian-Cocklebur-like
microstructures (SC), and square pillars integrated Siberian-
Cocklebur-like microstructures (SP-SC). Moreover, several typical
structures such as microgrooves with large step size (MLS), micro-
grooves with small step size (MSS), and square pillars (SP) were
also created to have a comparison in properties with the two
new structures. Hydrophobicity and anti-icing performances of
these microstructural surfaces at low temperatures were then
investigated and compared. The mechanism of forming new
microstructures was explained based on the interaction between
the femtosecond laser and PTFE. The wetting models of various
structured surfaces in a low-temperature environment were set
up. The theoretical calculation showed that SC and SP-SC surfaces
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could reduce the contact area with water droplets, effectively
delaying the freezing time. The relationship between contact
angles and the freezing time of water droplets on different
microstructural surfaces was compared. Furthermore, the
influence of different micro morphologies on the anti-icing
effect was investigated. Additionally, this study could propose a
new direction for enhancing the anti-icing ability on surfaces by
designing new morphologies and building corresponding wetting
models for the wetting analysis in the low-temperature
environment.

2. Experiment section
2.1. Preparation of different morphologies on PTFE

The femtosecond laser was directly used to write
nano/microstructures on the PTFE surfaces, which simplified the
preparation process of the superhydrophobic surfaces and
improved the hydrophobicity of the PTFE surfaces. First, the PTFE
plate was cut into small pieces with 15 x 15 x 1 mm?>. Second,
the cut pieces were ultrasonically cleaned in an ethanol solution
for 5 min and were then dried with nitrogen gas. A femtosecond
laser (Spitfire Ace, Spectra Physics) was used in this research. The
wavelength is 800 nm with a repetition rate of 1 kHz and a pulse
width of 40 fs. The focal length of the focusing lens is 100 mm,
and the aperture size is fixed at 7 mm. The radius of the focal spot
produced by the Gaussian beam is roughly 9.463 pm. Last, the
pieces were fixed on the 3D translation stage controlled by the
software on the computer. After processing, the samples were
ultrasonically cleaned in ethanol for 5 min. Fig. 1 describes a
schematic of the femtosecond laser fabrication experimental setup,
while Table 1 shows laser fabrication parameters for different
structures in this research.

2.2. Characterization

The morphologies of PTFE surfaces were analyzed by a laser
confocal microscope (Keyence, VK-X1000) and by a scanning elec-
tron microscope (Phenom, ProX800-07334). The wettability of
samples was characterized by static contact angles and sliding
angles, which were measured by a contact angle meter (POWER-
EACH, JC2000D3). The volume of each water droplet was 6 L.

Fig. 2 shows the schematic diagram of a self-built freezing time
measurement device used to measure the freezing time of water
droplets on PTFE surfaces with different morphologies. A cooling
device was mainly used to cool the prepared samples with a ther-
moelectric cooler. An adjustable DC power supply mainly regulates
the cooling power of the thermoelectric cooler. The temperature of
the substrate was controlled by the output voltage of the power
supply. The temperature of substrates was monitored in real-
time through a thermocouple and temperature recorder contacted
with a computer. The environment temperature and humidity
were monitored by a temperature and humidity meter. The exper-
iment was carried out under 23 + 2 °C temperature and 30 * 5%
humidity.

The prepared samples were placed on the surface of the sub-
strate with thermal conductive silicone grease, covered with a
glass culture dish. The temperature of the substrate was set at —
10 °C. A deionized water droplet of 20 pL was placed on the sample
surface. When the water droplet was placed on the surface of the
sample, it was taken as the start time of the freezing process. When
the water droplet was completely frozen and the top was pointed
was taken as the end time of the freezing process. A camera was
employed to record the whole operation process of this experi-
ment. Five samples for each structured surface were fabricated.
The presented data are average values.
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Fig. 1. Schematic experimental setup of femtosecond laser fabrication.

Table 1
Laser fabrication parameters of different structures on PTFE surfaces.

Structures Laser power Scanning interval Scanning speed Scanning mode

(mW) (pum) (mmOs™")
MLS 100 100 1 Transverse
MSS 25 25 2 Transverse
SP 100 100 1 Transverse and longitudinal
SC 25 25 2 Transverse and longitudinal
SP-SC 25 and 100 25 and 100 25 and 100 Transverse and longitudinal

Sample

|
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Adjustable DC power supply

Jater drop
' |— Glass petri dish

Temperature and humidity meter

Temperature meter

Digital camera

Water pipe

Thermal electric cooler
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Digital mobile device
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Fig. 2. Schematic of the system for testing freezing times.

3. Results and discussion
3.1. Morphologies of PTFE surface fabricated by femtosecond laser

Fig. 3 and Fig. 4 show the SEM images and confocal microscopy
images of the PTFE surfaces with different morphologies, respec-
tively. As we can see, the width of the groove increases with the
increase of femtosecond laser power, which is due to the increase
of average laser influence [25]. The depth of grooves increases with
the decrease of the scanning speed of the femtosecond laser, which
is due to the enhancement of the pulse accumulation effect [25,29].
The MLS and MSS micro-scale structures were fabricated by adjust-
ing the interval of adjacent grooves, the laser power, and the scan-
ning speed of the femtosecond laser. The size of microstructures
could be fabricated by controlling scanning interval, laser power,

and scanning speed. For example, the width and the depth of the
MLS microgrooves are about 45 pm and 90 pm, respectively. How-
ever, the width and the depth of the MSS microstructures are
roughly 20 pm and 30 pm, respectively.

Additionally, SP and SC microstructures had been fabricated by
transverse and longitudinal scanning. The width and the height of
the SP microstructures are approximately 55 pm and 90 pm,
respectively. Interestingly, the small size SP microstructural sur-
face was not fabricated but SC microstructural surface. The diame-
ter of the bottom and the height of the SC microstructures are
roughly 25 pm and 16 pm, respectively. Fig. 5 shows the SEM
images of SC and SP-SC microstructures at the magnification of
2000 times. It can be seen from the images that there are large
amounts of burrs of several micrometers on the SC microstructures
and the SP-SC microstructures.
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Fig. 4. Confocal microscopy images of different PTFE surfaces: (a) Pristine, (b) MLS, (c) MSS, (d) SP, (e) SC, and (f) SP-SC.

Moreover, the interaction between the femtosecond laser and
the polymer surface is proposed. Since the laser pulses duration
reaches the magnitude of the femtosecond, the femtosecond laser
has high instantaneous peak power and owns the ability to ionize
any material surface [30,31]. When the femtosecond laser interacts
with the material surface, the focal volume will absorb the energy
in the form of a nonlinear absorption mechanism, including multi-
photon ionization and avalanche ionization [31]. Through ioniza-
tion, free electrons absorb the energy of the laser and the kinetic
energy of free electrons increases. High-temperature and high-
pressure plasma come into being due to the transfer of energy from
the electrons to the lattice. The ions of the melt phase begin to be
vaporized, and then the plasma expands and rushes out of the focal
volume because a large amount of kinetic energy is concentrated in
the surface of material within the focal volume. The PTFE substrate
begins to expand, melt and produce some gaseous products in the

process of femtosecond laser ablation [32,33]. The generated gas
passes through the melting zone and spray from the body to the
outer surface of the PTFE. As the laser irradiation spot moves for-
ward, the molten polymer in the previous focal point volume
instantly cools and solidifies, and the material near the laser focus
can be removed and sputtered on the substrate. After that, the
ablated area is covered with some particles when the ejected par-
ticles come back to the surface of the substrate and recrystallize
[34].

Additionally, the energy distribution is high in the center and
low in the edge for the Gaussian-profile of the femtosecond laser
beam, so the fabricated grooves are more like a “V” shape
[28,35]. When the femtosecond laser pulse irradiates PTFE, abun-
dant fiber-like micro/nano hierarchical structures are formed on
the ablated area of PTFE [25]. Through shortening scanning inter-
vals between adjacent ablated track, the rate of the ablated area
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Fig. 5. SEM images of SC and SP-SC structures: (a) SC, and (b) SP-SC.

was increased. Besides, cross scanning of transverse and
longitudinal cross scanning increases the ablated area further.
Since laser fabrication scanning between two ablated routes is
opposite, the directions between two adjacent trains of fabricated
SC microstructures were also the opposite. As for SP-SC structures,
it was fabricated by firstly fabricating SC structures and following
with fabricating SP structures.

3.2. Effect of structure shapes to surface wettability at a room
temperature

Fig. 6 shows the images of contact angles on the different mor-
phologies of PTFE with 6 pL deionized water droplets. Fig. 7 shows
the contact angles and sliding angles of different morphologies of
PTFE. The error bars indicate the maximum and the minimum val-
ues of the measured data. The static contact angles of untreated
(pristine) PTFE is 122°, presenting a hydrophobic property. During
the measurement of rolling angles, some water droplets could not
roll out of the surface due to the high adhesion force, so the rolling
angle results are marked as 90° for better comparison to the sam-
ples with small sliding angles. The untreated (pristine) PTFE shows
good hydrophobicity due to intrinsically low surface energy. The
average values of the contact angles of MLS, MSS, SP, SC, SP-SC
structures are 157°,158°, 160°, 160°, and 158°, respectively. The
average values of the sliding angles of MLS, MSS, SP, SC, SP-SC
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Fig. 7. Static contact angles and sliding angles of different PTFE structures at 23 °C.

structured surfaces are 21°,4°, 4°, 3°, and 3°, respectively. As we
can see, the static contact angles of structured PTFE surfaces pro-
cessed by the femtosecond laser are more than 150°. Additionally,
while the sliding angles of the MSS, SP, SC, SP-SC structured sur-
faces are less than 5°, the sliding angles of MLS structured surfaces
are more than 10°. The results indicate that the hydrophobicity can
be significantly improved by fabricating micromorphology on

CA:160° MSS CA:156°

000

CA:158° SP-SC  CA:157°

000

Fig. 6. Images of contact angles of PTFE with different structures at 23 °C.
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intrinsic hydrophobic surfaces. Due to the low sliding angles and
large contact angles between the water droplets and the structured
surfaces, the wetting state of water droplets on these surfaces
should be Cassie Baxter state, where the air gaps between the
water droplets and the structured surfaces exist. A large amount
of air is stored inside the microstructures of the PTFE surfaces indi-
cates that there is a discontinuous three-phase contact surface
among water droplets, the air inside microstructures, and the PTFE
surfaces. This wetting state can significantly reduce the adhesion
force of the surfaces, which makes it difficult for water droplets
to adhere to the surface. Compared with other microstructural sur-
faces, the adhesion force between water droplets and the MLS sur-
face increased slightly. This case is mainly due to large-scale
microstructures; water droplets partly penetrate MLS grooves,
and the contact state turns to a transition state [36].

According to the Cassie and Baxter equation, the contact angle
can be described below.

cos 0. = f,cosbs + f,cos 0, (1)

Where0.is the actual contact angle between the liquid and the
surface, f,is the percentage of the actual contact area between
the liquid and the solid surface, f, is the percentage of the actual
contact area between the liquid and the air in the microstructures,
0sis the intrinsic contact angle of the solid surface, 6,is the contact
angle of the air interfacef, + f, = 1and 6, = 180 then:

cosf, =f,(cos s +1) -1 (2)

According to static contact angles measured and the Cassie and
Baxter equation, we get the f, through theoretical calculation.
From the results given in the Table 2, f, values of different mor-
phologies show little difference at room temperature, which means
the actual contact area between water droplets and PTFE surfaces
is almost the same between these different morphologies. The
hydrophobicity of the surface was mainly governed by the surface
energy and morphology of the material [36]. Owing to low surface
energy, the morphologies of the PTFE surface do not significantly
impact hydrophobicity to a certain degree in a room temperature
environment.

Moreover, anticorrosive property and mechanical stability of the
SC and SP-SC structures were investigated to check the feasibility of
working in harsh environments, as shown in Fig. S1 and Fig. S2. The
results showed that SC and SP-SC structures could work in acids or
bases environments with acceptable mechanical stability.

3.3. Effect of structure shapes to surface wettability at a low
temperature

Fig. 8 shows the images of contact angles on the different mor-
phologies of PTFE with 6 pL deionized water droplets at the surface
temperature of —10 °C. Fig. 9 shows the average contact angles and
sliding angles on the different morphologies of PTFE with water
droplets at the surface temperature of —10 °C. The error bars indi-
cate the maximum and the minimum values of the measured data.
As we can see, the average value of static contact angles of
untreated (pristine) PTFE is 102°, and the average value of sliding
angles of untreated(pristine) PTFE is 90°. The average values of
contact angles of MLS, MSS, SP, SC, SP-SC are 129°, 133°, 134°,

Table 2
The percentage of the actual contact area between the liquid and the solid surface.
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148°,150° respectively, at —10 °C. The average values of sliding
angles of MLS, MSS, SP, SC, SP-SC are 90°,84°,72°, 21°, 14° respec-
tively, at —10 °C. The hydrophobicity of different morphologies of
PTFE at this low temperature decreased comparing to the
hydrophobicity at room temperature. It is worth noting that the
hydrophobicity of untreated (pristine), MLS, MSS, and SP decreased
much while the hydrophobicity of SC and SP-SC decreased little,
which indicates that SC and SP-SC can maintain good hydrophobic-
ity at low temperatures.

According to the Cassie and Baxter equation (3), we define the
contact angles of untreated (pristine) PTFE at low temperatures
as the intrinsic contact angles, f, values of different morphologies
of PTFE at low are shown in Table 2. The f,values of SC and
SP-SC microstructures are lower than others, which indicates the
contact areas between water droplets and the SC, SP-SC surfaces
were reduced further compared to other structured surfaces in
the low-temperature environment. Since the temperature of PTFE
surfaces is below the freezing point, the supersaturation conditions
are achieved. The condensation and frost nucleation can form in
the post tops, sidewalls, and valleys without any aspatial prefer-
ence indiscriminately on structured surfaces [37]. As shown in
Fig. 10, condensation and frost nucleation on substrates means
new surfaces are created on PTFE surfaces. The untreated (pristine)
PTFE surface owns excellent hydrophobicity due to low surface
energy in a room-temperature environment. However, the
hydrophobicity of untreated (pristine) PTFE surface decreased
due to the condensation and frost exposed on the surface at low
temperature. This phenomenon happens as same as in the other
microstructural surfaces. The hydrophobicity of all surfaces had
been reduced, so the contact angles of all surfaces decreased, and
the sliding angles increased. However, the surface of SC
microstructures has abundant small-scale microstructures
exposed on the surface, which can reduce the amount of frost on
the tips of the microstructures and contact the water droplets.
The surface of SC microstructures remains superhydrophobicity
at —10 °C. The SP-SC microstructures are the combination of SP
microstructures and SC microstructures, which can reduce the con-
tact area with water droplets much more than single SP and SC
microstructural surfaces, so the hydrophobicity of the surfaces at
—10 °C has increased further. As a result, the f, values of both SC
microstructures and SP-SC microstructures are much lower than
those of other microstructural surfaces.

Additionally, the smaller contact area and the air gap inside the
microstructural surfaces reduce the heat transfer rate between the
droplet and the surface, delaying the water droplet freezing at low
temperatures. Besides, low surface energy and small contact area
make the water droplets easy to roll down under external force
action before freezing, so the sliding angles of water droplets are
reduced, which can avoid the accumulation of ice in the low-
temperature environment.

3.4. Anti-icing property

A camera records the freezing time taken for droplets to be
frozen on the surface at —10 °C. The freezing progress of water dro-
plets on the PTFE surfaces with different morphologies is shown in
Fig. 11. In the beginning, the water droplet on the surface is

Temperature The percentage of the actual contact area (f)

MLS MSS SP SC SP-SC
23 °C 0.169 0.155 0.128 0.128 0.155
—-10 °C 0.468 0.401 0.385 0.192 0.169
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Fig. 8. Images of contact angles of PTFE with different structures at —10 °C.
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transparent. During the cooling progress, an ice shell forms at the
surface of the droplet while the inter of the ice shell is still liquid
[38,39]. After that, an ice-water interface forms and rises in the
inter of the ice shell until the whole water droplet is frozen. When
a cone with a small bulge appeared on the top of the droplet, the
freezing progress ends.

The freezing time of the PTFE surface with different morpholo-
gies at low temperatures is shown in Fig. 12. The error bars indi-
cate the maximum and the minimum values of the measured
data. The freezing time of untreated (pristine) is 173 s. The freezing
times of MLS, MSS, SP, SC, SP-SC are 271 s, 285 5,297 s, 312 s, and
334 s, respectively. As we can see, superhydrophobic surfaces can
delay the freezing time of water droplets at low temperatures. The
freezing times of different morphologies are distinct. SC and SP-
SC’s freezing times are longer than other microstructural surfaces,
which means SC and SP-SC microstructures own better anti-icing
properties. The longer freezing time can provide more time for
removing water droplets under external force and reduce the accu-
mulation of a large quantity of ice on the surfaces. It is worth not-
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Fig. 10. Schematic of the liquid droplet in contact with the different PTFE surfaces.
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ing that the freezing time is proportional to the statistic contact
angles at low temperatures. The larger the static contact angle is,
the longer the corresponding freezing time is. Results show that
improving the hydrophobicity of the material surface at low tem-
peratures can effectively delay the freezing time of the water dro-
plet. In the process of freezing, heat is mainly transferred from the
water droplets to the substrates through the interface. Due to the
small contact area and the air stored in the microstructures, the
heat transfer rate between the droplet and the PTFE surface is
effectively reduced, so the freezing time of the droplet is delayed.
SC and SP-SC microstructures own the minimal contact area com-
pared to other microstructural surfaces, which improves the anti-
icing property. The smaller contact area also reduces the nucle-
ation rate at the interface between the water droplet and the PTFE
surface, thus effectively delaying the freezing of water droplets
[17].

According to the classical nucleation theory [17], the total
nucleation rate of the water droplet on the substrate can be
expressed

]total = .]bulkv +Jw—aSWfﬂ +.]wfssw—s (3)

where, Jyudw_adw_s Tepresent the spontaneous nucleation rate
inside water, the nucleation rate of water droplet contacting with
air, and the nucleation rate of water droplets contacting with the
substrate surface respectively;V,S,,_.,S._srepresent the water dro-
plet volume, the water droplet area contacting with air, and the
water droplet and base part area, respectively. The contact part’s

nucleation between the water droplet and substrate belongs to
heterogeneous nucleation, while the nucleation rate inside the
water droplet and the nucleation rate at the interface with the air
mainly depend on the homogeneous nucleation [40]. The energy
barrier of heterogeneous nucleation is much lower than homoge-
neous nucleation, so the overall nucleation rate mainly depends
on the nucleation rate of the contact part between the water droplet
and substrate, that is, mainly determined byJ,_ ,andS, .J, is
related to the energy barrier of heterogeneous nucleation. Reducing
Sw_s between water droplets and the surface can effectively reduce
the total ice nucleation rate and delay the freezing time. Since fis
the percentage of the actual contact area between the water droplet
and the solid surface, the f; is proportional with S,, ;. Table 2 shows
that the values f; of SC and SP-SC microstructures are lower than
those of other morphologies, so they can effectively reduce the
contact area S,_s; between water droplets and the substrates and
the rate of ice nucleation compared to other microstructural
surfaces.

4. Conclusion

By employing femtosecond laser ablation with varied fabrica-
tion parameters, the PTFE surfaces with different structures (MLS,
MSS, SP, SC, SP-SC) were obtained. The two new SP and SP-SC
structures fabricated on the PTFE surfaces exhibited an improved
hydrophobicity in a low-temperature environment compared to
conventional structures like MLS, MSS, and SP. Moreover, the freez-
ing times on SC and SP-SC microstructure surfaces are longer than
those of other microstructures. SC and SP-SC microstructures can
further reduce the water-substrate contact area and enhance both
the hydrophobicity and anti-icing ability of the surfaces in a low-
temperature environment. The results showed that SC and SP-SC
microstructures could be produced on PTFE surfaces by femtosec-
ond laser fabrication. Later, the formation mechanism of SC and SP-
SC microstructures are proposed. Building new models for various
structural surfaces with condensation and frost provided a new
method for analyzing the wettability in a low-temperature envi-
ronment. Designing and fabricating new structures on the surfaces
may be a promising way to improve the anti-icing property of
superhydrophobic surfaces.
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