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Abstract: In this work, a slippery lubricant-infused surface (LIS) was prepared by simple one-step
mixing of polydimethylsiloxane (PDMS) resin and dimethyl silicone oil (PMX-200) directly. Silicone
oil showed good compatibility with PDMS resin, and the added amount of silicone oil had no
significant effect on the surface morphology of LIS. According to the results of surface observations,
once the silicone oil film anchored on the LIS was removed, the silicone oil inside the PDMS polymer
automatically diffused to the surface and formed a new silicone oil film again in a short time.
Furthermore, with the increase of silicone oil content, the oil self-replenishment speed and amount of
the LIS were enhanced, which also promoted a decrease of the surface water sliding angle and the
improvement of the lubrication ability of the LIS. In the icing/deicing cycle tests, the slippery LIS still
maintained very low ice adhesion strength after 24 cycles, showing excellent anti-icing performance.

Keywords: lubricant-infused surface; anti-icing; self-replenishment

1. Introduction

The accumulation of solid ice on the surfaces of metal materials and metal equipment in cold
environments not only aggravate energy consumption, but also pose a threat to people’s safety during
the shedding process. The problem of icing seriously interferes with the electricity transportation, wind
power generation, aerospace, and other important fields [1-3]. To solve this problem, a variety of deicing
methods have been proposed, such as thermal melting and mechanical deicing [4-6]. Nevertheless,
these methods are difficult to operate or are costly. Hence, in recent years, more researchers have begun
to focus on how to prevent ice formation and to reduce ice adhesion. The development of anti-icing
coating or surfaces provides a good idea for this research direction.

The traditional anti-icing surfaces are mainly liquid-repellent surfaces represented by
superhydrophobic surfaces [7-9]. Superhydrophobic surfaces generally refer to the material
surfaces with a water contact angle greater than 150° and a rolling angle less than 10° [10]. Its
appearance is inspired by natural lotus leaves [11]. The preparation of a superhydrophobic surface
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needs to consider the suitable surface microstructure and low surface energy material [12,13].
Actually, the superhydrophobic surface has shown great application potential and prospects in
many fields, such as anti-fouling, drag reduction, self-cleaning, anti-corrosion, and anti-icing [14-18].
Superhydrophobic surfaces can reduce the stable contact between water droplets and material surfaces
and promote the free shedding of water droplets before freezing. In addition, the superhydrophobic
surface can increase the energy required for ice nucleation and delay the freezing time [19], which
allows it to be considered for anti-icing applications. However, the poor durability of superhydrophobic
surfaces is an important problem that restricts its application. In severe application environments, the
air film on superhydrophobic surfaces is easily lost [20-22]. Once the air film is broken through, water
and the surface will come into complete contact, and the rough microstructure on the superhydrophobic
surface will increase the ice adhesion strength. Hence, new anti-icing surfaces need to be developed.

Inspired by the natural pitcher plant, researchers began to use oil films instead of unstable air films
to further develop slippery liquid-infused surfaces (LISs) for anti-icing application [23-25]. Compared
with the air film, the oil film on the LIS can maintain non-wettability and insolubility in most aqueous
solutions for a long time, which can effectively block the direct contact between water and the material
surface [26,27]. Meanwhile, the lubrication of the oil film results in a low contact angle hysteresis,
which makes the water droplet easily slide away from the oil film surface in the hydrophobic state [28].
In addition, in the face of physical damage, the LIS can maintain integrity depending on the fluidity of
the oil film and complete the self-healing of the surface morphology without external stimulation [29,30].
These properties make the LIS ideal for use in the field of anti-fouling, anti-bacterial, anti-corrosion,
anti-icing, etc. [31-34]. Carmalt et al. prepared a slippery LIS by infusing Krytox lubricating oil into a
titanium dioxide (TiO,)/tin dioxide (SnOy) composite thin film [35]. This surface effectively slowed ice
formation for >30 min at =10 °C. Zhang et al. used fluorinated tubular SiO; as the porous structure
and constructed a slippery LIS on aluminum alloy after modification by Krytox 100 lubricating oil [36].
The surface exhibited a low ice adhesion strength in the icing/deicing cycle tests. It can be seen that the
slippery LIS has shown great potential in the anti-icing application, and silicone oil was also widely
chosen as the lubricant for anti-icing LIS due to its non-wettability. However, in the existing studies,
most slippery LISs adopted complex preparation methods, such as the sol-gel method and chemical
etching method [37,38], which also enhanced the cost of preparation. Moreover, once the oil film was
lost due to evaporation and other reasons, very few LISs had the ability to repair the oil film, which
was also detrimental to the durability of anti-icing application [39].

In this work, we introduce a facile and effective one-step mixing method to prepare a
self-replenishing polydimethylsiloxane (PDMS) resin/dimethyl silicone oil LIS and study its anti-icing
performance for the first time. PDMS is a kind of widely used, chemically inert, non-flammable,
nontoxic, and biocompatible silicon-based polymer. Due to its good lubricating performance and
excellent adaptability to lubricants, PDMS is often considered as a suitable material to prepare
LISs [40,41]. Considering that the PDMS based materials can not only be used as coatings, but also
ca be used alone, we only studied the properties of the polymer itself in this work. By adjusting the
proportion of silicone oil, the lubricity, self-replenishing ability, and anti-icing properties of the LIS can
be tuned. An optical microscope was used to observe the self-replenishing process of silicone oil on
the surface, and the oil supplement amount was measured by the weight loss method. Subsequently,
the wettability and lubricity of the LIS before and after self-supplementation were characterized by
contact angle and sliding angle measurements. Finally, the icing/deicing cycle tests were conducted to
study the anti-icing property of the LIS.
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2. Materials and Methods

2.1. Materials

The PDMS prepolymer with curing agent (Sylgard 184) and dimethyl silicone oil (PMX-200) were
purchased from Dow Corning. All solvents and reagents were obtained from Sinopharm and used as
received without further purification.

2.2. Preparation of LIS

To prepare the LIS, the PDMS prepolymer and its curing agent were first added to a beaker at
a ratio of 10:1 w/w. Subsequently, dimethyl silicone oil (viscosity 100 cp) was mixed into the beaker
with different mass ratios (Wppwms resin: Wsilicone oil = 1:0, 1:1, 1:2). After magnetic stirring at room
temperature (RT) for 20 min, the three mixtures were put into a vacuum drying oven and vacuumed at
RT for 1 h to remove bubbles. Finally, the three mixtures were heated and solidified at 80 °C for 4 h to
obtain the required samples. The samples obtained from different mixtures were hereinafter referred
to as pure sample (Wppwms resin: Wsilicone oil = 1:0), 1P1S sample (Wppwms resin: Wiilicone oil = 1:1), and
1P2S sample (Wppms resin: Wsilicone oil = 1:2).

2.3. Surface Characterization

The surface morphologies of different samples were examined using a scanning electron microscope
(SEM, FEI Quanta 250, Hillsboro, OR, USA) with an accelerating voltage of 20 kV. Before the observation,
the samples were immersed in n-hexane for 48 h to remove the dimethyl silicone oil. An optical
microscope (Zeiss, AixonX1, Oberkochen, Germany) was used to observe the self-replenishment
process of dimethyl silicone oil on different surfaces. The original silicone oil on the surface was
removed by commercial oil absorption paper, and then the surface condition was photographed and
recorded every 10 min until the sample surface did not change. The wettability of different surfaces
was characterized by a goniometer (Dataphysics, OCA20, Filderstadt, Germany). The sessile drop
method was adopted to measure the static water contact angles (WCAs) [42]. By tilting the surface
from 0° to a higher angle until the water droplet rolled off automatically, the tilting angle was recorded
as the sliding angle of the surface.

2.4. Oil Loss/Replenishment Cycle Tests

In order to characterize the oil replenishment capability and stability of different surfaces, the oil
loss/replenishment cycle tests were carried out. In this test, to avoid contaminating the instrument,
we put the sample into a small plastic petri dish for testing. The weight of the new sample with petri
dish was measured by a Mettler Toledo electronic balance (precision £0.1 mg) and recorded as my.
When the silicone oil film on the sample surface was stable, we used oil absorption paper to wipe off
the oil film. After removing the oil film, the weight of the sample with petri dish was measured again.
The above steps was viewed as one cycle. After n times of cycle, the weight of the sample with petri
dish was recorded as m;,,. The cumulative weight loss rate (w) was calculated by following equation:

w = (mgy — my)/my X 100% @D

2.5. Compression Mechanical Property Tests

The compression tests were conducted to characterize the influence of silicone oil content on the
mechanical property of different samples. According to the national standard GBT 7757-2009, the
compression mechanical property of the samples with different silicone oil contents was measured with
the electronic universal testing machine (Changchun Kexin Testing Instrument Co. LTD., WDW-100,
Changchun, China). The diameter and the thickness of the samples were ~30 mm and ~10 mm,
respectively. During the measurement, the loading speed was controlled at 10 mm/min. Firstly,
the sample was cyclically compressed three times to 50% of the strain of the sample, and then the
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stress—strain curve was obtained by compressing the sample at the same speed. The elastic modulus
value was obtained by calculating the slope of the linear region of the stress—strain curve.

2.6. Anti-Icing Tests

The ice adhesion strength on the sample surface was tested using the device and method shown
in Figure 1. A plastic shell (2 cm X 2 cm X 3 cm) was placed on the sample surface, and then 5 mL of
deionized water was added into it. Then, the setup was put into a refrigerator with a temperature
of about —20 °C for 3 h until the deionized water froze and adhered to the sample surface. At the
beginning of the test, the setup was quickly transferred to the cold stage to maintain the low temperature
environment (—20 °C) around the sample surface. Subsequently, the ice adhesion strength of the solid
ice column to the surface was measured with a digital display thrust dynamometer (NSCING Co. LTD,
SH-III-200) immediately at —20 °C. The probe moved towards the ice column at a speed of 10 mm/min
and the probe diameter was 4 mm. When the probe separated the ice column from the sample surface,
the deicing process was completed, and the force value was recorded. The ice adhesion strength was
calculated by following equation:

T = 100F/A 2)

in which 7 is the ice adhesion strength (Pa), F represents the thrust force (N), and A is the contact area
between the solid ice and the sample surface (m?). This 7 value was actually the shear strength between
the solid ice column and the sample surface, which has been adopted as the main parameter to evaluate
the ice adhesion strength in many studies. Five different positions were selected for each sample to
measure the adhesion strength values. Similar test method can also be found in other literatures [43].
In order to study the anti-icing durability of different sample surfaces, icing/deicing cycle tests were
carried out in this experiment. After each cycle, the ice adhesion strengths of different sample surfaces
were calculated. At the same time, the water sliding angles of different sample surfaces were also
tested. The icing/deicing cycle tests were carried out continuously without interruption at a constant
temperature of —20 °C.

moving direction
—

-~

dynamometer Force Probe i

&

Figure 1. The set-up configuration of the ice adhesion strength measurement.

3. Results

3.1. Preparation Process and Surface Morphology

The PDMS prepolymer used in the preparation process was vinyl-terminated polydimethylsiloxane,
and the curing agent was hydroxyl-terminated polydimethylsiloxane. Under high temperature,
the vinyl at the end of the polydimethylsiloxane disconnects and reacts with the hydroxyl group in
the molecular structure of the curing agent to accomplish a cross-linking process [44]. In this way,
the molecular chains of PDMS resin and curing agent construct a three-dimensional network structure.
The component of dimethyl silicone oil is methyl-terminated polydimethylsiloxane. Since the methyl
group is inert, dimethyl silicone o0il does not participate in the above cross-linking curing reaction. The
PDMS resin and dimethyl silicone oil used in the experiment were both linear polydimethylsiloxane,
only with different end groups. Hence, the compatibility between PDMS resin and dimethyl silicone
oil was good, and they could be evenly mixed after mechanical stirring and without layering.
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Figure 2 shows the surface and cross-section SEM images of the pure sample, 1P1S sample,
and 1P2S sample after oil removal. Although the amount of silicone oil was changed, the surface and
cross-section morphologies of the different samples did not change significantly. In addition to a few
dust particles, the surface and cross-section morphologies of the samples were smooth without obvious
holes or rough microstructures. Since the silicone oil was dissolved by n-hexane, the images in Figure 2
were mainly the morphologies of the PDMS frameworks. Zhang et al. used a similar one-step method
to mix liquid paraffin and silicone, but the poor compatibility between the liquid paraffin and silicone
resulted in the distribution of the paraffin in the silicone as larger spherical droplet after curing [45].
When the paraffin was dissolved, obvious holes were left in the silicone framework. Therefore, the
morphology results (Figure 2) indicate that the dimethyl silicone oil used in this study had excellent
compatibility with the PDMS resin, and the degree of phase separation was very small.

Figure 2. Surface and cross-section SEM images of polydimethylsiloxane (PDMS) frameworks of the
(a1,a2) pure sample, (by,bz) 1P1S sample, and (cq,c2) 1P2S sample.

3.2. Self-Complementing Behavior

Figure 3 shows the surface optical morphologies of different samples before and after removal of
the surface silicone oil. For the pure sample, the surface morphology of the sample did not change
significantly in the whole experiment process because there was no silicone oil involved (Figure 3a).
The black spots on the sample surface were supposed to be dust particles. For the 1P1S sample, the
whole surface of the 1P1S sample was covered by the silicone oil film before oil removal (Figure 3by).
After the surface oil film was wiped off, the surface of the 1P1S sample was completely covered by
the silicone oil film again after 6 h (Figure 3by). In contrast, when the content of silicone oil in the
sample was further enhanced, the surface of the 1P2S sample was completely covered by silicone oil
film again within only 4 h (Figure 3c3). After 4 h, the silicone oil film on the surface of the 1P2S sample
was relatively stable. This result suggests that the LIS had an excellent self-replenishment function to



Coatings 2020, 10, 119 6 of 14

the oil film on the sample surface. Furthermore, with the increase of the amount of silicone oil in the
sample matrix, the replenishment speed of silicone oil also became faster.

200pm 200pm
| |

200pm
|

Figure 3. The oil replenishment processes of different sample surfaces: (aj—ag) pure sample, (b1—by)
1P1S sample, and (c1—cg) 1P2S sample.

Figure 4 shows the evolution process of the cumulative weight loss rate of different samples in
the oil replenishment/loss cycle tests. It can be observed that the curves of the 1P1S sample and 1P2S
sample contained two phases. In the first stage, as the test number increased, the cumulative weight
loss rate gradually increased, which was mainly related to the continuous replenishment of silicone oil
to the sample surface from the silicone framework. Once the test number was too much, the cumulative
weight loss rate basically did not change with the increase of the test number. It was mainly caused by
the complete depletion of silicone oil in the sample matrix. With the increase of the amount of silicone
oil in the sample, it was obvious that the cumulative weight loss rate increased faster in the first stage.
This indicated that 1P25 sample supplemented more silicone oil each time. In addition, due to the
increased amount of silicone oil in the 1P2S sample, the effective time of replenishment behavior (the
first stage) was also longer than in the 1P1S sample. The weight loss results demonstrated that the
1P2S sample had a larger replenishment amount in each cycle and it had a more durable lubrication
effect (until 24 days).
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Figure 4. The cumulative weight loss rate values of different samples after different test numbers in the
oil replenishment/loss cycle tests.

The self-replenishment ability of the LIS was derived from the good compatibility between silicone
oil and PDMS resin. In this experiment, after the PDMS resin and silicone oil were mixed directly, the
phenomenon of no stratification was also verified this point. After the curing process, the silicone oil
molecules were filled into the three-dimensional network of the PDMS framework. The low rotational
energy barrier (3.3 kJ/mol) of the silicone oil molecule around the Me;Si—O bond made the silicone oil
easily diffuse within the polymer network [46]. Thus, once the surface silicone oil film was removed,
the inner silicone oil quickly diffused to the sample surface and completed the supplement process.

3.3. Surface Wettability

Figure 5 shows the results of WCA measurements of different sample surfaces before and
after removing the oil film. For the pure sample, the WCA values were stable around 110°, which
demonstrated the hydrophobicity of the silicone matrix. With the increase of the amount of silicone
oil in the samples, the WCA values decreased slowly. This may have resulted from the fact that
the surface energy of silicone oil (~21 mJ-m~2) was slightly higher than that of the PDMS resin
(~20 mJ-m~2) [47,48]. In addition, when the oil films on the surfaces of the 1P1S sample and the 1P2S
sample were just removed, the WCA values increased slightly, which also indicated that the surface
energy of silicone oil was slightly higher. After 6 h, the WCA values on the surfaces of the 1P1S and
1P2S samples were restored to the original values before removing the oil, which again confirmed the
rapid self-replenishment ability of the 1P1S and 1P2S samples to the surface oil films. On the whole,
although the WCA values of different sample surfaces varied slightly, the overall variation amplitude
was very small.

The sliding angles of different sample surfaces before and after removing the oil film were further
tested, and the results are shown in Figures 6-8. Generally speaking, the surface sliding angle was
smaller due to the existence of liquid oil film on the surface, making the surface liquid water slide more
easily, which can also be seen as the self-cleaning function of LISs. As shown in Figure 6, although
the pure sample surface was tilted to 90°, the water droplet still could not slide down but was firmly
anchored on the pure sample surface. This phenomenon suggests that the pure sample surface did not
have lubrication ability. Once the silicone oil was introduced into the PDMS matrix, the oil film on
the sample surface rapidly reduced the water slide angle to about 4° (Figure 7). The surface of the
1P1S sample exhibited excellent lubrication to liquid water, indicating that the presence of silicone oil
film was the key factor for the lubrication effect. When the oil film was removed, the water droplet
did not slide until the surface was tilted to about 78°. Under the influence of silicone oil inside the
sample, the sliding angle of the 1P1S sample after removing the oil film was still smaller than that of
the pure sample. After the oil film was supplemented, the water sliding angle was restored, which
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again revealed that the lubrication ability of the 1P1S sample mainly came from the oil film. When the
amount of silicone oil in the sample continued to increase, the sliding angle of 1P25 sample further
decreased to about 2° (Figure 8). Similarly, when the oil film was replenished within 6 h, the sliding
angle value was recovered. This was due to the increase of the supplement amount of silicone o0il on
the surface, which improved the continuity and fluidity of the oil film, and undoubtedly contributed to
the reduction of the sliding angle. The results of sliding angle measurements not only showed that the
1P1S and 1P2S samples had self-replenishing ability, but also indicated that the excellent lubrication
properties of the 1P1S and 1P2S samples could effectively reduce the adhesion of liquid water and
other pollutants on the sample surfaces.

Before removing the oil After removing the oil (Oh) After removing the oil (6h)
110+0.8° 110+0.8° 110+0.8°
- Il — - ». 4 g ;:Q:; = 5 -
104+1.3° 107+0.9° 104+1.5°
rr v
97+1.6° 100+0.7° 97+1.7°

Figure 5. Water contact angles before and after removing the oil from different sample surfaces.
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Figure 6. The pinning state of the water droplet on the pure sample surface.
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Figure 7. Sliding angles of the 1P1S sample before and after removing the oil from the surface.
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Figure 8. Sliding angles of the 1P2S sample before and after removing the oil from the surface.
3.4. Mechanical Properties

In order to study the effect of silicone oil content on the mechanical properties of the PDMS matrix,
we examined the compression stress—strain curves of the samples with different silicone oil contents,
and the results are shown in Figure 9a. When the amount of silicone oil in the sample was tuned, the
stress—strain curve also changed obviously. Under the same stress condition, the strain was enhanced
with the increase of silicone oil content. This indicates that the addition of silicone oil reduced the
compression strength of the PDMS resin and then promoted the deformation of the silicone resin
matrix. According to the stress—strain curves in Figure 9a, the change of the elastic modulus value
with the increase of silicone oil content was obtained, as shown in Figure 9b. The compression elastic
modulus of the pure sample was 4.609 MPa, while that of the 1P1S and 1P2S samples were only
0.879 MPa and 0.404 MPa, respectively, indicating that the addition of silicone oil greatly reduced the
compression elastic modulus of PDMS resin. For polymer materials, their mechanical properties are
related to the density of their internal crosslinking networks. In this study, the silicone oil existed in
the crosslinking network gap of the PDMS resin in liquid form. In order to accommodate more silicone
oil, the PDMS resin had to reduce its crosslinking density to enlarge the interior space, which led to the
decrease of its strength. In spite of this, it was found that no significant damage occurred when the
compression strains of the three specimens were 50%. This indicates that although the compression
strength decreased, the 1P1S and 1P2S samples still had good mechanical properties, which did not
affect their practical applications.
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Figure 9. (a) Compressive stress—strain curves and (b) compressive elastic modulus values of

different samples.

3.5. Anti-Icing Properties

As mentioned above, the slippery LIS prepared in this study had the ability to self-supplement
and repair the oil film on the sample surface, which was beneficial to the improvement of anti-icing
durability of the LIS. We tracked and monitored the change of ice adhesion strength on three sample
surfaces with the increase of test number of icing/deicing cycles, and the results are shown in Figure 10a.
Prior to the icing/deicing cycle tests, the pure sample showed extremely high ice adhesion strength
(about 75 kPa), and solid ice was difficult to separate from the pure sample surface. Under the influence
of the silicone oil film, the ice adhesion strengths on the surfaces of the 1P1S and 1P2S samples were
greatly reduced, which were only ~25 kPa and ~15 kPa, respectively. The silicone oil film isolated the
solid ice from the sample surface, and the binding force between the solid ice and the silicone oil was
significantly lower. In addition, silicone oil contained in the PDMS resin framework reduced the elastic
modulus and cross-linking density of the PDMS matrix, which made the interface slip between the
solid ice and sample surface more easily and reduced the ice adhesion strength [49]. The 1P2S sample
exhibited the lowest ice adhesion strength, which was related to the more complete oil film on the
surface of the 1P2S sample.
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Figure 10. The variation of (a) ice adhesion strength and (b) sliding angle of different sample surfaces
during the icing/deicing cycle tests.

In Figure 10a, the ice adhesion strength on the surface of pure sample hardly changed during
the 24 cycles of icing/deicing tests. After 10 cycles of icing/deicing tests, the ice adhesion strength on
the surface of the 1P1S sample began to increase slowly. According to the test results of the water
sliding angle, after 10 cycles the water sliding angle on the surface of the 1P1S sample began to increase
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gradually. This indicated that with the gradual consumption of silicone oil, the ability of the 1P1S
sample to supplement the oil film on the surface started to weaken after 10 cycles. This was also the
reason that the ice adhesion strength and water sliding angle increased after 10 cycles. Nevertheless,
after 24 cycles of icing/deicing tests, the ice adhesion strength on the surface of the 1P1S sample was
still very low and was much lower than that on the surface of the pure sample. In contrast, the surface
of the 1P2S sample exhibited the lowest ice adhesion strength over 24 cycles of icing/deicing tests.
Moreover, it was not until the 14" cycle that the water sliding angle and ice adhesion strength on the
surface of the 1P2S sample began to increase slowly, which was mainly caused by the larger amount of
silicone oil in the 1P2S sample matrix and the stronger self-replenishment ability of the 1P2S sample
(Figure 3). Even so, the ice adhesion strength of the 1P2S sample was still much lower than that
of similar LISs reported in other literatures [50]. The above test results show that the 1P2S sample
exhibited the best anti-icing ability with the help of lubrication of the silicone oil film and its excellent
self-supplementation ability, which has great potential for anti-icing applications in the future.

4. Conclusions

This work introduced one kind of self-replenishing LIS prepared by a simple one-step method.
The influence of the amount of silicone oil on the lubrication ability and self-replenishment ability of
the sample was characterized by morphology, wettability, and weight loss analysis. The anti-icing
performances of pure PDMS and LIS were investigated by icing/deicing cycle tests. The following
conclusions can be obtained:

(1) The dimethyl silicone oil (PMX-200) showed good compatibility with PDMS resin. The addition
of silicone oil in the PDMS matrix greatly reduced the surface water slide angle and improved the
surface lubrication ability.

(2) The presence of silicone oil endowed the LIS with a self-replenishment ability to the surface oil
film. With the increase of silicone oil content in the PDMS matrix, the self-replenishment rate and
amount were enhanced significantly, which was beneficial to the recovery of surface lubrication.

(3) The LIS exhibited low ice adhesion strength because of the presence of the oil film. Moreover,
the ice adhesion strength on the LIS was still very low after 24 cycles of the icing/deicing tests.
The LIS showed excellent and durable anti-icing performance.
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