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1. Introduction

Many kinds of outdoor infrastructure based on metal material will
inevitably be threatened by snowing and icing in winter and cold
areas. The formation and accumulation of ice on the surface of
power lines and its tower,[1] aircraft,[2] offshore oil platforms,[3]

wind turbines,[4] etc. have been seriously affected the normal oper-
ation of these facilities and cause disasters sometimes.[5,6] For
example, the extreme weather that took place in southern China
in 2008 led to ice accretion on power facilities resulting in 151.6
billion RMB in direct economic losses.[7,8] Preventing icing accu-
mulation on exposed surfaces is a serious subject around the world.
Conventional methods for removing ice or inhibiting icing, such as

heating, mechanical de-icing, releasing anti-
icing agents, are either inefficient or high
energy consumption.[9,10]

In recent years, the passive anti-icing
surface material has been developed by
many researchers including superhydro-
phobic surfaces and slippery liquid infused
porous surfaces. Superhydrophobic surface
(SHS) inspired by lotus leaves,[11–16] pos-
sessing extraordinary water resistance,
which could be applied in the field of
anti-icing by diminishing contact area
between the solid and liquid.[17–28] Wang
fabricated a superhydrophobic surface on
stainless steel via laser direct microprocess-
ing, which presents excellent icing-delay
ability.[29] However, due to the instability
of the air layer on SHS, the surfaces could
be easily lost superhydrophobic perfor-
mance with long-term use in a complex

environment, and became more difficult to remove ice off the
surface.[30–34] Recently, SLIPS inspired by the nepenthes plant
has attracted great attention of researchers due to their distin-
guished liquid repellency and ice restraint performance.[35,36]

Unlike the unstable air layer of the SHS, SLIPS owns a stable
lubricant layer between the surface textures and the liquid, exhib-
iting a better performance in dynamic liquid repellence. Cong Li
presented network surface structures that firmly locked and
stored the lubricant, leading to an efficient anti-icing perfor-
mance by electrochemical etching and hydrothermal process.[37]

Sumit Barthwal designed a slippery oil-infused poly-dimethylsi-
loxane (PDMS) coating on a structured Al surface with low ice-
adhesion properties.[38] The anti-icing performance has been
realized on different metal substrates by directly fabricating
SLIPS on a specific metal substrate or producing polymer
SLIPS coatings on metal substrates.[39–42] However, in the exist-
ing researches, different metal substrates are required for differ-
ent anti-icing applications, and the methods used are specific to
directly achieve SLIPS on the corresponding metal substrate.
Besides, when the ambient temperature changes dramatically,
the bonding strength is seriously affected by the large difference
in thermal expansion coefficient between the polymer SLIPS
coating and the metal substrate. These factors greatly limit the
practical application of anti-icing surfaces.[43] The demand for
anti-icing surfaces is needed in extremely harsh natural environ-
ments in practical applications, which are accompanied by ultra-
high humidity, ultralow temperature, alternation of high
temperature, and low temperature with seasonal changes.
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Slippery liquid-infused porous surface (SLIPS) has shown great application
prospects because of the great liquid repellency and ice resistance. However,
there are a few types of research on different metal material to fabricate SLIPS.
Here, a simple and effective method is developed on a stainless steel surface to
manufacture microporous structure by femtosecond Bessel laser beam direct
induce. By fluoroalkylsilane modification and infusing lubricant, SLIPS is suc-
cessfully obtained. The ice restraint properties of the SLIPS are studied, including
the characterization of icing delay and ice-adhesion strength, which significantly
increase the icing-delay time and reduce the ice-adhesion strength. Moreover,
SLIPS exhibits great durability after hydraulic pressure, salt fog, high-, and low-
temperature cycle. Based on this method, SLIPS can be produced on different
metal substrates including Al, Zn, Ti, Cu with excellent liquid resistance and anti-
icing property, which greatly expand the application of SLIPS in the field of ice
resistance.
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In this article, the microporous structure can be directly
induced on stainless steel substrate by using a femtosecond
Bessel laser beam. After further fluoroalkylsilane modification
to lower the surface energy and infusing with lubricant oil,
the SLIPS was successfully fabricated. SLIPS has great liquid
resistance, and the droplets can slide away naturally with a small
tilt angle. The ice restraint properties of the SLIPS were studied
by characterization of icing delay and ice-adhesion strength. The
ice-delay time of SLIPS was extended by 21.5% and 43.3% com-
pared to SHS and untreated surface at a temperature of �30 �C,
and the ice-adhesion strength can remain below 15 kPa after
repeated numbers of cycles. Besides, the SLIPS can effectively
maintain water repellency during various harsh environments
such as hydraulic pressure, salt fog, high- and low-temperature
cycle, and scratches. Furthermore, this method could be applied
to construct porous structures and realize SLIPS on different
kinds of metal materials (including stainless steel, Al, Zn, Ti,
Cu), which shows excellent liquid repellency and ice-adhesion
as well.

2. Results and Discussion

2.1. Fabrication of the SLIPS and Wettability of the SLIPS

The porous microstructure plays a key role in storing lubricating
oil in the formation of the SLIPS. Compared to other methods in
fabricating porous structure, the femtosecond laser has many
advantages of high precision processing, strong controllability
because of its ultrashort pulse width, and ultrahigh peak energy.
Herein, the original Gaussian laser beam was spatially shaped
into a Bessel laser beam through an axicon lens, using a femto-
second Bessel laser to produce porous morphology on the stain-
less steel surface. The microfabrication system based on the
Bessel laser beam is shown in Figure 1a. The femtosecond laser
with the traditional Gaussian profile was generated from a fiber
laser device with a high frequency of 5MHz, wavelength of
1030 nm. Since the energy center diameter of the Gaussian beam
is larger than that of the Bessel beam, the Bessel laser beam is
shaped by the original Gaussian beam through a conical lens.
Then, the Bessel beam passes through the lens, the mirror,
and the microscopic objective lens, in turn, to focus on the sur-
face of stainless steel, the core diameter of the Bessel beam is
compressed to about 1.8 μm.[44] When the femtosecond Bessel
laser is processed on the stainless steel sample, a large number
of free electrons on the sample surface absorb the laser energy,
thus reaching a high energy state and breaking the original equi-
librium state of the sample surface. To regain the thermal equi-
librium state, the high-energy electrons interact with the adjacent
lattice through photoelectric coupling, which also leads to the
increase of lattice temperature. When the lattice temperature
is higher than the phase explosion temperature, the stainless
steel undergoes a strong plasma jet process and thus forms a
porous structure. The moving platform of the sample is matched
with the selected frequency of the laser, which means the abla-
tion of the laser at a fixed distance on the surface of the sample to
form micropores. According to this mechanism, after selecting
appropriate laser parameters and processing parameters, uni-
form and dense porous structures can be induced on the sample

surface. As shown in Figure 1b,c, the microporous spreading on
the substrate surface is very uniform and dense with every single
hole’s diameter around 2 μm. According to the scanning electron
microscope (SEM) image Figure 1b,c, the fill ratio of micro-holes
on the surface reaches around 46%, which means it can store
plenty of lubricant oil and lock it with great bound.

There are several steps to fabricate SLIPSs as shown in
Figure 1d. First, the metal samples were polished with sandpaper
until reached a high flatness. Second, the femtosecond Bessel
beam laser was used to induce the porous microstructure on
the substrate surface. After that, modification of porous samples
with fluoroslkysilane to reduce the surface energy. Then, silicone
oil was infused over the slightly inclined samples until the oil
fully fills the whole micropores. The untreated stainless steel
is hydrophilic. A water droplet (volume about 7 μL) on the stain-
less steel surface had a water contact angle (WCA) of 69.46�

(Figure 1e). After the sample induced microporous structure
by femtosecond Bessel laser, the WCA of the sample is 66.80�

(Figure 1f ) shows the surface energy does not change by laser
ablation. After the fluroalkysilane decorated the sample with a
microporous structure surface, a superhydrophobic sample
was created, the reason is that fluroalkysilane greatly lowers
the surface energy with the WCA of 153.25� (Figure 1g). Due
to the extremely low surface energy of the decorated sample sur-
face, the lubricant can easily enter the microporous structure
under capillary force. Thus, the SLIPS was fabricated by infusing
the silicone oil onto the surfaces, the silicon oil formed a stable
lubricating film on the sample with a WCA of 102.25�

(Figure 1h). The microporous structure has a strong binding
force with lubricant, showing excellent liquid resistance. The
water drop can easily slide away at a small tilt angle of SLIPS,
Figure 1i shows the sliding process of a water droplet (volume
about 7 μL) on the as-prepared SLIPS with a tilt angle of 4�.
The results indicate that the SLIPS has excellent repellency to
liquid.

The liquid resistance of stainless steel SLIPS with different
droplet sizes was studied, including the static WCA and the slid-
ing velocity on the 10� slope. As shown in Figure 2, the WCA
slightly decreases with the increase of droplet volume from
97� at 5 μL to 89� at 50 μL. The sliding speed of the droplet
on the 10� slope of SLIPS increases with the increase of the drop-
let volume, because the larger the droplet volume is, the larger
the component of the droplet gravity on the SLIPS is, and the
faster the droplet sliding on the SLIPS is. The sliding process
was exhibited in Figure S1, Supporting Information, When
the droplets are very tiny, they can also slide off SLIPS by their
own gravity. The results indicate that the liquid resistance of the
SLIPS is very stable, and it is not affected by the droplet size.

2.2. Ice Restraint Performance

The SLIPS ice restraint property was characterized by the ice-
delay test and ice adhesion test. The water droplet of 100 μL
was dropped on different surfaces, then placed in a cryogenic
chamber at minus 30 �C. Herein, the icing delay time was
defined as the time span from when the sample with droplet
was placed in the cryogenic chamber to that when the droplet
is frozen completely. The icing process was pictured through

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2022, 2101738 2101738 (2 of 7) © 2022 Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.aem-journal.com


the observation window of the cryogenic chamber. Three sam-
ples of icing-delay time were recorded and compared, which
are untreated surface of stainless steel, the SHS of stainless steel,

the SLIPS of stainless steel, respectively. According to the ice-
delay results shown in Figure 3a, the SLIPS own the longest
ice-delay time of 247 s at the temperature of �30 �C, longer than
SHS of 194 s and the untreated surface of 140 s. Compared to
SHS and untreated surface, the ice-delay time of SLIPS was
extended by 21.5% and 43.3%. The reason is that SLIPS owns
an extra thickness film of lubricant, which obstructs the heat
exchange between the cold substrate and the droplet and pro-
longs the freezing time.

The ice adhesion strength was tested on different samples for
assessing the ice-restraint property. The ice formation was in
a�30 �C cryogenic chamber for at least 7 h with deionized water
1mL in a colorimetric dish reverse on the sample surface.
Figure 3b gives ice adhesion tests results on the sample of
untreated surface, SHS and SLIPS, respectively, which can be
seen that SHS and SLIPS are able to reduce the adhesion
strength of ice. SHS reduced the ice adhesion strength because
of the superhydrophobic property of the sample that was deco-
rated by fluroalkysilane, which has an air layer that reduced the
adhesion strength between sample and water. However, the
result of SHS surface is very much unstable with the increase
of testing numbers, the reason is that SHS will lose its character-
istics in humid and cold environments. Besides, the bubble could

Figure 2. Water contact angle (WCA) and sliding speed on SLIPS of dif-
ferent droplet sizes.

Figure 1. Fabrication of microporous structure on the stainless steel by femtosecond Bessel laser beam processing. a) Processing system of the micro-
porous structure by Bessel laser beam through an axicon. b,c) Surface morphology of the stainless steel after being processed by femtosecond Bessel
laser. d) Process of the slippery liquid-infused porous surface (SLIPS) on the stainless steel based on the microporous that femtosecond laser ablation.
e–h) Water droplets on different stainless steel substrates: e) the intrinsic stainless steel, f ) the laser-ablated microporous structure, g) the fluroalkysilane
decorated microporous surface, h) SLIPS. i) Sliding process of a water droplet on the SLIPS with a tilted angle of 4�.
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be observed continuously appearing from the contact surface
between SHS and liquid during the icing process, then rising
to the liquid surface. This is due to the instability of the air layer
stored in SHS, the bubble may be frozen on the interface
between SHS and liquid during the icing process, which will
cause uncertainty about the contact area between ice and
SHS, then affects the ice adhesion strength. While the SLIPS
reduced the ice shear strength by nearly two orders of magnitude
relative to the untreated stainless steel sample. As we can see in
the schematic diagram of water freezing on the SLIPS
(Figure 3c), most of the lubricant oil was stored and locked in
a microporous structure, the rest lubricant oil existed on the sur-
face to form an ultrathin layer, which separates the water from
the substrate and makes the nucleation of ice occur at the water/
oil interface. The results of SLIPS ice adhesion strength were
below 15 kPa after 15 cycles of the tests. The reason is that
the uniform and dense microporous structure with great adhe-
sion to the lubricant, which makes it difficult for SLIPS to lose
lubricant. However, with the increase of cycles, the SLIPS will
reduce its performance due to the loss of lubricant. The solution
is to directly drop the new lubricating oil on the surface to restore
its liquid resistance and ice resistance. This is because the lubri-
cating oil in the micropore is very difficult to lose, and the newly
dropped lubricating oil can quickly combine with the lubricating
oil in the micropore to form a new lubricating liquid thin layer.

2.3. Durability of SLIPS

To demonstrate the durability of the developed SLIPS, a series
stability tests were conducted including hydraulic pressure test,
salt fog test, high and low (H&L) temperature cycle, and mechan-
ical durability, respectively. The hydraulic pressure test was car-
ried out by putting the SLIPS in a visible hydraulic testing
machine with a parameter of 30m depth hydraulic pressure
for 3 days. The salt fog test was processed SLIPS sample was

placed at a slope with an angle of 45� in a condition of 5 wt%
NaCl fog at 35 �C for 2 days by using a salt fog test machine.
The H&L temperature cycle was performed in the constant tem-
perature and humidity test chamber, the SLIPS was placed in the
chamber suffering the change of the temperature in sequence for
3 times cycles, in which the highest temperature was 130 �C of
3 h, lowest temperature was�30 �C of 3 h. As for the mechanical
test, the SLIPS is scratched directly with a knife several times.
The sliding speed of water drops of 7 μL on a 10� slope was con-
trasted after different stability tests to measure the stability of the
SLIPS, sliding speed of each sample is measured three times,
and averaged as shown in Figure 4a, which also exhibited the
corresponding post-test SLIPS sample above the sliding speed.
According to the results in Figure 4a, the sliding speeds are
0.534, 0.404, 0.467, 0.424mm s�1 after experiencing hydraulic
pressure, salt fog, H&L temperature cycle, scratch, respectively.
It is obvious that the sliding speed was scarcely changed within
the range of 0.02mm s�1 after different stability tests, which
indicates that the SLIPS we prepared owns great stability to suf-
fer many harsh environments. The sliding speed decreases the
most after the salt fog test was 0.404mm s�1, which is also an
acceptable range. The reason is that the salt fog continuously con-
denses on the SLIPS into drops, these drops’ volume grows along
with time delay and will contact drops adjacent became bigger
drops and slide down the sample, which would take away the
lubricant slightly. However, the slippery property still exists after
2 days salt fog test, even though the SLIPS cannot slide down the
10� slope when the drops’ volume was 7 μL, while the volume of
the droplet is big enough, it will still slide away. As for other tests,
the SLIPS maintains great water repellency. Figure 4b shows the
sliding process after different stability tests, the sliding distance
is 6.2 mm. These results are from the strong junction between
the porous structure and lubricant, on the one hand, the porous
structure is tightly bonded with lubricant oil, on the other hand,
the porous structure can store the lubricant oil so that the surface
loss of lubricant oil can be replenished.

Figure 3. a) Icing delay time of untreated, superhydrophobic surface (SHS), and SLIPS surface. b) Ice adhesion tests result on the sample of untreated,
SHS and SLIPS. c) Schematic of ice formation on SLIPS and ice removed from SLIPS.
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2.4. Universality of the Metal SLIPS Fabrication Method

The femtosecond Bessel beam laser ablation can be applied to
various types of metal materials to induce microporous structure,
and furtherly fabricate SLIPS. As shown in Figure 5, the micro-
porous structure could be induced on Al, Zn, Ti, Cu, by using the
same method and slightly adjusting the laser ablation parame-
ters. According to Figure 4, the structural porosity of the micro-
porous Al, Zn, Ti, Cu was able to estimate about 52.3%, 47.3%,
45.4%, 45.4% respectively. The microporous on different sub-
strates are of great benefit to store and lock lubricant. The proc-
essing parameters for each metal are as follows: the scanning
speed is 12mm s�1, the select-frequency is 3 kHz, the duty ratio
is 25%, the original laser power is 2.2W for Al substrate; the
scanning speed is 15mm s�1, the select-frequency is 2 kHz,
the duty ratio is 15%, the original laser power is 1.63W for

Zn; the scanning speed is 12mm s�1, the select-frequency is
2 kHz, the duty ratio is 20%, the original laser power is 2.9W
for Ti; the scanning speed is 10mm s�1, the select-frequency
is 2 kHz, the duty ratio is 30%, the original laser power is
4.5W for Cu. With further low surface energy modification
and infusing lubricant, we can obtain SLIPSs on different metal
substrates. Then, the water repellency and ice adhesion perfor-
mance were characterized as well, as shown in Figure 6. The
WCA was measured at three points on each sample, three times
on each point. The average WCA was shown at the red point in
Figure 6a. The results of WCA and sliding speed indicate that the
SLIPS on different metal materials prepared by this method have
distinguished liquid resistance. The WCAs of SLIPS on the sub-
strate of Al, Zn, Ti, Cu are 102.3�, 100.125�, 100.5�, 94.75�,
respectively. The sliding speed of different SLIPS on a 10� slope
with a water volume of about 7 μL was tested as well, the value of

Figure 4. Stability test. a) Sliding speed of water drop of 7 μL on SLIPS with 10� inclined. b) Sliding process after different stability tests.

Figure 5. The microporous structure of different metal materials fabricated by femtosecond Bessel beam laser.
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each SLIPS is measured three times and averaged shown at the
black point in Figure 5a. The sliding speeds of SLIPS of Al, Zn,
Ti, Cu are 0.308, 0.466. 0.455, 0.599mm s�1, respectively. The
SLIPS exhibits excellent ice adhesion resistance of 5.15–
9.5 kPa as shown in Figure 6b, which reduced ice adhesion by
two orders of magnitude relative to the intrinsic surface of Al,
Zn, Ti, Cu substrate. Thus, the SLIPS can be realized on various
metal materials by this method, which has a great potential to
meet different ice restraint applications.

3. Conclusions

In conclusion, we developed a versatile, one-step way to form
microporous on many different types of metal materials includ-
ing stainless steel, Al, Zn, Ti, Cu. The microporous structure was
induced by femtosecond Bessel beam pulse on substrate surface
through adjusting the processing parameters. SLIPS would be
prepared with chemical treatment of the porous surface for low-
ering the surface free energy followed by the infusion of a lubri-
cating liquid. As a representative, SLIPS based on stainless steel
shows a great performance of liquid repellency, ice resistance,
and durability. SLIPS preserves great ice restraint properties,
with an ice-delay time of SLIPS was extended by 21.5% and
43.3% compared to SHS and untreated surface at a temperature
of �30 �C, and the ice-adhesion strength can remain below
15 kPa after being repeated several times. After different harsh
environmental tests including hydraulic pressure of 30meters,
high- and low-temperature cycle (130–�30 �C), salt fog test with
a condition of 5 wt% NaCl fog at 35 �C for 2 days, the SLIPS slid-
ing velocity has little change and maintained great liquid repel-
lency. The SLIPS was processed on Al, Zn, Ti, Cu by using the
same method, all the SLIPS exhibits the prominent performance
of liquid resistance and ice-adhesion resistance. Therefore, the
femtosecond Bessel beam laser induce method can be used to
enable almost all hard metal materials to become a substrate
of choice for constructing SLIPS. The excellent anti-icing perfor-
mance of SLIPS provides a broad application prospect with dif-
ferent types of substrate materials.

4. Experimental Section
The SLIPS sample was made by 304 stainless steel plate, which was

purchased from the local metal store (China), the other mental plates were
purchased from the local metal store (China) as well. The 304 stainless
plates were first polished by sandpapers (#600, #1000, #2000, and
#4000 in sequence) to make the surface of the sample highly smooth
for laser objective focusing, followed by a thorough cleaning with deion-
ized water and ethanol, respectively. Then, the femtosecond Bessel beam
laser was conducted to obtain porous structure, the femtosecond laser
source used a fiber laser machine (Femto YL-40, YSLP). The original fem-
tosecond laser pulses (pulses width of 400 fs; central wavelength of
1030 nm; fundamental frequency of 5 MHz) were adjusted by an external
trigger (the select-frequency of 3 kHz, the duty ratio of 25%, the original
laser power of 3.45W). The femtosecond Bessel laser beam was produced
from Gaussian beam by through an axicon (Thorlabs, AX-250, α of 1�),
then focused on the surface of stainless steel (China Baowu Steel
Group) by an objective lens (�20, NA¼ 0.40, Nikon) on a moveable plat-
form to proceed the ablation process (laser canning speed¼ 15mm·s�1,
the scanning interval of 5 μm). After that, a fluoroalkylsilane modification
was conducted by immersing the sample into fluorosilane (1H, 1H, 2H,
2H) alcohol solution (0.05 wt%) for 12 h, then heating (120 �C) for 2 h, and
in this way, the sample surface would have superhydrophobic properties.
To prepare SLIPSs, the silicone oil (200mPa s at 25 �C) was dropped onto
the tilted sample that we prepared before, then wait for the silicon oil to
slowly fill the sample’s pores.

A SEM, FlexSEM-1000 Hitachi, Japan, was used to characterize the
morphology of the prepared samples. An optical contact angle measuring
device (JC2000D, PowerReach, China) was used to measure the WCA, slid-
ing angle (SA). A homemade device was utilized to measure the ice adhe-
sion strength. An ice cubic was formed in a colorimetric dish
(10� 10� 10mm3) on the sample (temperature of�30� 1 �C for at least
7 h). A force gauge (HP-50, HANDPI, China) was then used to record the
deicing force during the process of removing the ice blocks. To demon-
strate the durability of the SLIPS, the sliding speed of water droplets were
studied on the tilted surface (title angle¼ 10�) after salt fog (YX-YW-60L,
YUEXIN, China), hydraulic pressure test (YX-JL-QF30-40L, YUEXIN,
China), high (130 �C) and low (�30 �C) temperature transformation under
constant humidity (KCSHWHS, AISRY, China), respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Figure 6. a) WCA and sliding speed on untreated surface and SLIPS of different metal substrates, b) ice adhesion test on untreated surface and SLIPS of
different metal substrates.
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