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Abstract

:

The accumulation of ice on surfaces can cause harm in many industries. Our work describes an experiment and a simulation of the deicing effect based on a simple device combining a polydimethylsiloxane (PDMS) membrane and water phase transition. The device resulted in a minimum ice adhesion strength of 0.327 kPa, and the ice adhesion strength was still less than 5 kPa after 15 cycles, which meets the requirements of automatic deicing. It also held up after flushing with water and sand currents. In addition, our finite element simulation illustrates that the ice adhesion strength decreases greatly due to the change in initial stress distribution and the separation mode of ice. The fracture between the ice and membrane initiates from one side, and propagates gradually along the contour of ice while at the same time spreading rapidly towards the center. Compared with other icephobic methods, such as expensive and vulnerable micro/nano-surfaces or functional composite coatings, this low-cost and environment friendly device appears promising for large-scale deicing applications in various engineering fields.
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1. Introduction


Ice accumulation causes great economic losses and severe harm, especially in cold regions. Traditional deicing methods possess obvious defects, such as environmental pollution, massive energy consumption, damage to structural surfaces and threats to the safety of cleaners [1,2,3,4,5,6,7].



Inspired by the water repulsion of lotus leaves, superhydrophobic surfaces with micro/nano-structures are studied extensively for anti-icing/deicing [8,9,10]. Air cavitation between water droplets and a hydrophobic, rough surface delays ice nucleation and decreases the contact area between the ice and the surface, which lowers the ice’s adhesion strength [10,11,12]. However, recent reports proved that the adhesion strength between ice and a hydrophobic, rough surface is greater than that of flat surface in high-humidity and low-temperature environment, because mechanical interlocking occurs when water enters into the micro/nano-structure gradually and freezes [13,14].



The ice’s adhesion strength is evaluated by the fracture mechanics formula   τ =     Ε ∗ G   π α Λ      , where E, G, α and ʌ represent the apparent elastic modulus, surface energy, crack length and non-dimensional constant determined by the geometric configuration of the crack [15]. Lower ice adhesion strength can be obtained if the volume-adjusted elastic modulus and surface energy of the substrate are smaller. Through surface modifications with plasma, fluorination and lubricating fluid, surface energy will decrease. Inspired by Nepenthes, self-lubricating icephobic elastomer coatings are able to provide lubricating layers on solid surfaces, which can let ice slide off automatically [16,17,18,19,20,21,22]. Golovin et al. fabricated PDMS coatings with an oil layer to maintain the low adhesion strength of less than 10 kPa after 100 icing/deicing cycles [23]. He et al. designed PDMS coatings with sub-structures to promote crack initiation at the ice–solid interface, and the minimal ice adhesion strength was 0.9 kPa [15,24,25,26]. However, the ice adhesion strength of a coating will increase significantly if the lubricant is removed from the surface by water [27].



Functional composite coatings also show great promise for icephobic applications. Li et al. obtained electrolyte hydrogel surfaces by infusing salted water into a hydrogel, and ice can be removed from the surface via self-weight within 10 s at −10 °C [28]. Liu et al. integrated a superhydrophobic copper mesh with intelligent organogel that can secrete an anti-freezing agent at subzero temperatures [29]. A coating using the photothermal effect of carbon black particles can melt ice on the surface in the sunlight. Wu et al. combined candle soot strengthened by a silica shell with grafted PDMS brushes to develop an anti-icing coating that ice could not form on until −50 °C [30]. Wu et al. prepared films combining hierarchically macro/micro-structured PDMS and reduced graphene oxide, and the minimal adhesion strength was 0.2 kPa [31]. However, the functional additives to these surfaces, such as carbon black particles, are easily taken away, and it is difficult to maintain good durability and stability for them.



The phase swelling force generated during water icing can be used to deice. Chen et al. designed a device combining a biaxially oriented polypropylene (BOPP) film and a 6061 aluminum alloy plate/PMMA plate to reduce the ice adhesion strength [32,33]. The adhesion strength was as low as 0 kPa when pits in the plates were filled with pure water, and the adhesion strength was 20–40 kPa when filled with an ethanol solution [32]. However, the deicing mechanism was not clearly explained.



In this work, we fabricated a simple and low-cost deicing device with a PMMA substrate and a PDMS membrane. The flexible PDMS, with low surface energy and a small elastic modulus, is an ideal candidate material for deicing [34]. The expansion force generated by water freezing in the holes of the PMMA surface performs active deicing. The ice adhesion strength of device’s surface was measured by using a self-built test platform. The deicing ability of the device in harsh environments was explored via soaking, flushing and wearing it for different amounts of time. The deicing mechanism was also explored via simulation and fracture theory. Our work provides guidance for active deicing.




2. Materials and Methods


2.1. Preparation of the Deicing Device


A mixture of the PDMS prepolymer and the curing agent (184 Silicone Elastomer, Dow Corning, Midland, MI, USA) in the weight ratio of 10:1 was stirred thoroughly on a magnetic stirrer, and gas bubbles were removed by vacuuming. The process is shown in Figure 1. One milliliter of the mixture was dropped on a PMMA plate (Tmall, Hangzhou, China) and then rotated at 500 R/min for 1 s in the spin coater (Kejing instrument, Shenyang, China). Subsequently, it was cured at 60 °C for 12 h and the PDMS membrane was torn off carefully. Hole arrays with the depth of 4 mm were drilled on the PMMA plates, of 80 mm × 60 mm × 5 mm (L × W × H). Next, membranes and PMMA substrates were cleaned with an ethanol solution. The deionized water was injected into the holes with a syringe carefully, and a membrane was put on the surface of each PMMA substrate. The details of all the experimental groups are shown in Table 1. Groups A–C had only one hole; groups D and E had 3 × 3 hole arrays with homogeneous spacing of 8 mm; group F was a PMMA plate with a PDMS membrane, which was used as the control group.




2.2. Characterization


The pull-off force needed for the ice was measured by the self-built testing platform, as shown in Figure 2a, which can provide a loading force between 0–50 N. The force resolution is 1 mN, and the sliding displacement resolution is 4 μm. The deicing device was fixed on the testing platform and a cylindrical PMMA tube (inner diameter of 36 mm, outer diameter of 40 mm and height of 20 mm) was placed on the device. Then 3 mL of deionized water was poured into the tube. In order to facilitate the description, we deonte the ice in the holes and tube as iceh and icet, respectively. The platform was placed in a refrigerator (Xiamen Tawa Enterprise Co., Xiamen, China) at −20 °C. The thickness of the iceh was about 5 mm. The pressure sensor was connected with the tube, and the stepping motor was activated, moving at a constant speed of 0.028 mm/s. The connecting point was as close to the ice–PDMS interface as possible. The force applied was recorded synchronously. The ice adhesion strength is defined as the maximum pulling force divided by the tube area. The ice shear strength of each group was averaged over three runs. The transmittance of the device was measured by the UV spectrophotometer (Shimadzu, Kyoto, Japan). The experiments shown in Figure 2b,c were used to study the flushing effect of water and sand currents. The vertical distance between the funnel and the sample was 50 cm, and the inner diameter of the funnel was 5.5 mm. The diameters of sea sand particles (Shanghai Chemical Reagent Co., Ltd., Shanghai, China) were 650–850 μm.




2.3. Finite Element Simulation


The ice delamination from the surface of the deicing device was analyzed by finite element simulation in ABAQUS. The influence of the PMMA substrate was ignored as the membrane was fixed on the substrate. Considering that the difference between stiffness of ice and PDMS is quite large, and no obvious deformation of icet was observed in the experiment, the ice on the PDMS surface was simplified as a rigid cylinder with a height of 1 mm and a diameter of 5 mm. The PDMS was set as neo-Hookean solid with Young’s modulus E = 2.72 MPa and Poisson’s ratio ν = 0.47 [35]. The thickness and diameter of the PDMS membrane were 0.5 mm and 15 mm respectively. Then, the membrane was meshed into about 300,000 C3D8RH elements and about 200,000 C3D6H elements in ABAQUS. The ice was considered to be in adhesive contact with the PDMS membrane. The vertical load acting on the bottom of PDMS membrane was applied to simulate the expansion force of water freezing.





3. Results


3.1. Ice Adhesion Test


In order to explore the effect of cooling time, the ice adhesion strength values of group A were measured after being put in refrigerator under −20 °C for 2–18 h. As shown in Figure 3a, the ice adhesion strengths after cooling times of 2 and 3 h were much greater than those after 4–18 h. It was observed that the water in the tube had been frozen, but the water in the holes was not frozen completely, which led to insufficient expansion force acting on the bottom of the PDMS membrane. When the freezing time was longer than 3 h, the detaching force was almost constant. The expansion force generated by the water freezing in the hole acts on the bottom of the PDMS membrane, the bottom of the ice is unstuck from the PDMS surface and does not form new ice-membrane bonds over time again. The results also demonstrate sequential icing in the tube and hole due to different icing environments. The water in the tube was directly exposed to the atmosphere, which led to easier heat conduction, whereas the water in the hole was trapped by the PMMA plate and PDMS membrane with poor thermoconductivity. In addition, the water in the hole was more difficult to freeze due to greater pressure during the icing process.



Figure 3b shows the ice shear strength for groups A–F after 4 h of cooling at −20 °C. Group F was the flat PMMA plate covered with a PDMS membrane. The ice shear strength in group F was 118 kPa, whereas the ice shear strengths in groups A–E were less than 2 kPa. The minimum value was only 0.327 kPa—group A. This proves that the device has significant deicing power. The surface area ratio of the holes to icet is defined as p, as presented in Table 1. Comparing groups A, B and C, it can be concluded that the ice shear strength decreased as p increased. For the hole arrays, group E, with the largest value of p, also showed smaller ice shear strength to group D, as shown in Figure 3b. This could be explained by the larger diameter of the hole meaning more water freezing and more expansion. Nevertheless, group E showed lower ice adhesion strength—even less than groups B and C, which means that the deicing effect of the device can be improved by changing the distribution of holes, and not merely relying on the increase of p. The appropriate hole array distribution and the right diameter for each hole may increase the deicing effect significantly.



The volume of frozen water in the hole expands, lifting up the ice in the cylindrical tube. The area around the bottom of the icet is separated from the PDMS membrane, as shown in Figure 3c. After the icet was pulled off from the membrane, the surface morphologies of the bottom of icet and the PDMS membrane could be seen. As shown in Figure 3d, the bottom of icet showed no significant deformations (pits, crushing, etc.) and some white spots were distributed within icet. As shown in Figure 3e, the membrane deformation was spherical, convex; and iceh had a large amount of white broken ice slag, which was caused by the expansion impacting the bottom of the soft membrane and the subsequent stress concentration.



The durability of PDMS was verified in the experiments. The membrane was removed after the deicing testing, cleaned with alcohol and dried. The membrane was re-attached to the surface of the PMMA substrate and the adhesion strength of the ice was measured. As shown in Figure 3f, the ice adhesion strength remained below 5 kPa after 15 cycles, which proves that the device can be reused. This was due to the PDMS membrane itself forming stable adhesion on the PMMA substrate without the help of additional adhesives. In addition, PDMS membrane, as a very flexible ultra-elastic material, can still remain intact after multiple loading/unloading cycles.




3.2. Mechanical Stability


When an engineering surface is exposed to the outdoor environment, the flushing of rainwater and wearing of sand will affect the membrane’s adhesion to the substrate, and thus deicing performance. The water and sand current velocity were 1.503 m/s and 0.140 m/s, respectively. All adhesion strength values were less than 3 kPa, which proves that the device can resist certain harsh environments. The ice adhesion strength did not increase significantly within 0–30 min of scouring time, as shown in Figure 4a. As the sand flushing time increased, the ice adhesion strength gradually increased, as shown in Figure 4b. This is understandable because the water seeping into the tiny scratches left on the PDMS’s surface caused by the sharp edges of the sand grains increased the valid icing area. However, there was no obvious damage on the surface of the membrane, and PDMS absorbed the energy carried by the grains through its own deformation.



The device was immersed in water for different amounts of time, and the ice adhesion strength was measured in −20 °C after 4 h of cooling. As shown in Figure 4c, ice adhesion strength increased as immersion time increased, but it was still less than 3 kPa, which proves the device can maintain excellent stability in a humid environment for a long time. The increase in shear strength may have been caused by the cleaner surface of the PDMS membrane and the water infiltration into the tiny pores of the membrane.




3.3. Transmittance Test


Due to high transparency of PDMS and PMMA, the device may be used for special surface deicing. For example, it could be used for surfaces with high-light transmittance requirements, such as integrated photovoltaic systems. The transmittance values of the PMMA plate; the PMMA plate with the PDMS membrane; and the PMMA plate–water–PDMS sample were measured at 400–1000 nm by a UV spectrophotometer. As shown in Figure 5a, the PMMA plate itself showed light transmittance greater than 90%, and the PMMA plate with the PDMS membrane showed light transmittance of nearly 90%. This verified the high transparency of PDMS and PMMA. However, the visible light transmittance of the device dropped to between 60% and 70%. The bottom of the hole in our device was very rough due to the drilling process, which might have decreased transparency and increased the light reflection. On the other hand, it is possible that the beam suffered losses caused by reflections and refractions of the PDMS–water and water–PMMA interfaces. As shown in Figure 5b, two small bulbs connected in series with the solar panel were luminous when the solar panel covered by the deicing device was exposed under natural light.





4. Discussion


A cylindrical rigid body with a diameter of 5 mm and an elastic substrate were used to define the icet and PDMS membrane, respectively, as shown in Figure 6a. The delamination of the ice from the membrane was studied with/without vertical load acting on the bottom of the membrane via FEM simulation, as schematically shown in Figure 7c. The expansion force caused by phase change of water in the hole was simulated with a vertical load applied to the bottom of the PDMS membrane. The vertical load was distributed in the circular area with a radius of 2 mm at the bottom of the membrane, with a maximum value of 0.072 MPa at the center of the membrane and a minimum value of 0 MPa at the edge. The reason for applying loading in this way is that the surface bulge is arc-shaped after the water in the pit freezes, which means the displacement at the edge of the pit is zero and the displacement at the center is the largest. The load varies with the time according to the simplified force–time curve in Chen’s study [36]. The displacement-controlled loading was applied horizontally to the icet surface right above the ice–membrane interface. The pull-off force and delamination process were then systematically studied.



The cohesive zone model described by a bi-linear traction–separation law, as shown in Figure 6b, was used to define the adhesion between ice and membrane, which prescribes relative separation and mechanical traction between the two adhesive surfaces. Damage initiation will occur when the separation reaches δ0 and the maximum separation δf will lead to complete failure of the interface. The adhesion energy Wad which is equal to the area under the traction–separation curve represents the required energy for separation in a unit area. When the energy release rate of the interface crack G reaches the value of Wad, interface separation initiates to occur. Since the performance of cohesive zone model is not very sensitive to the actual shape of the traction-separation curve, δ0 was set as 0.005 mm and δf was equal to 0.01 mm, based on our previous experience. What truly matters is the area under the traction–separation curve. Since it is not easy to measure the adhesion energy between ice and PDMS membrane, the Wad was assumed to be 0.0005 N/mm according to the fracture energy of polyurethane and ice [37].



In Abaqus, damage initiation is required to satisfy a quadratic stress criterion based on Equation (1). The process of interface fracture can be quantitatively observed by calculating the damage variable D, which is obtained from Equation (2). The value of D ranges from 0 to 1, and a value of 1 indicates complete separation [38]:


     (     σ n     σ  max      )   2  +    (     σ s     σ  max      )   2  +    (     σ t     σ  max      )   2  = 1  



(1)






  D =    δ f   (   δ m  −  δ 0   )     δ m   (   δ f  −  δ 0   )     



(2)




where σn, σs, and σt represent the normal and two shear traction forces. The loading process is controlled by displacement.



Figure 7a shows the relationship between the required force and p during the simulation of the separation process. When p was equal to 0.64 the maximum pull-off force was reduced to 46.21% compared to that without an expansion load. As the area the expansion force was acting on increased, the required pull-off force of removing ice from the surface decreased—a tendency consistent with our experimental results.



From the perspective of deformation, when the expansion load acts on the bottom of the membrane, the soft PDMS membrane deforms and become thinner because PDMS is nearly incompressible. However, the deformation of the membrane surface in the adhesion area is hindered due to the stable adhesion between the ice layer and the PDMS membrane. In addition, the membrane around the interface between ice and PMDS is also subject to the boundary constraints of the hole edge. Therefore, the surrounding region of the holes will generate relatively large normal stress and shear stress under the action of expansion load. As shown in Figure 7b, the normal stress reached 0.05 MPa, and the shear stress reached 0.017 MPa. When ice is separated from the membrane surface under the pull-off force, the energy release rate Gedge at the contact area edge can be calculated with normal stress σzz and shear stress σxz according to Equation (3), where KⅠ and KⅡ are stress intensity factors of Mode I and Mode II [39]. When Gedge is equal to Wad, the bonding edges initiate separation. Due to the higher stress distribution at the edge caused by the expansion load, the initial crack intensity factors K and Gedge are increased, which further promotes the detaching process of ice from surface and also leads to a change in the detaching process.


     σ  z z   =    K Ι      2 π x        ,     σ  x z   =    K Π      2 π x       x → 0      G  e d g e   =    (  1 −  υ 2   )    2 E    [   K Ι 2  +  K Π 2   ]     



(3)







As shown in Figure 7c, when a horizontal pulling force along the positive x-axis is applied to icet in the absence of an expansion load, the crack first only initiates along the lateral edge of the icet, and then propagates to the surroundings and center. However, when the expansion load is applied, the delamination starts at the front of the left half edge, and spreads to the center and the right half, and eventually the ice debonds.



Although the trend of the simulation results is the same as that of the experiments, there are some differences. It was observed in the experiments that part of the surrounding area of the ice was separated before the pulling force was applied, but not in the simulation. A discrepancy between the actual load and assumed one should account for the difference. The impact load was produced by water’s phase change, whereas a static load was applied in the simulation. In addition, the distribution of the force generated by icing at the bottom of the film is complex, as the water in the hole is limited by the membrane and PMMA substrate, so the average value adopted in the simulation affected the results. The separated area can be regarded as the initial crack, so it can be inferred that the force required for separation will be greatly reduced, because a change of crack size from 0.01 mm to 1 mm means that the shear strength will be reduced by 10 times [11]. In conclusion, it is proven that our device combining soft materials and expanding loads is beneficial for removing ice from surfaces.




5. Conclusions


A simple and reusable active deicing device was prepared by filling the holes of PMMA plates with deionized water and attaching a PDMS membrane to the PMMA’s surface. The device shows good deicing ability: the ice adhesion strength can be lower than 5 kPa, which meets the requirements of self-weight deicing. Due to the difference in phase transition time, after the membrane forms stable adhesion with the ice on the surface, the water in the holes freezes and produces an expansion force that acts on the bottom of the membrane. The considerable stiffness difference between the solid ice and soft material results in uncoordinated deformation and a large stress distribution, which change the debonding mode of the ice–membrane interface and promote the separation of ice from the surface. The device still maintains low adhesion after flushing with water and sand currents. It also maintains high transparency and optical transmittance. In summary, in addition to excellent deicing capabilities, our device based on a soft membrane and the phase change of water has the advantages of environmental protection, simple fabrication, low cost and reusability. It shows great potential for deicing engineering surfaces.
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Figure 1. The fabrication process of the deicing device. 
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Figure 2. (a) Platform for the ice adhesion strength measurements: (1) refrigerator, (2) fixed platform, (3) stepper motor, (4) deicing device, (5) cylindrical tube, (6) force sensor, (7) computer; (b) the flushing of water; (c) the flushing of sand currents. 
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Figure 3. (a) The ice shear strength for group A after cooling times from 2 h to 18 h. (b) The ice shear strength of the group A–F. (c) The side view of icet. (d) The basal image of the icet. (e) The surface topography of the device after icet is detached. (f) The ice shear strength during 15 cycles. 
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Figure 4. The ice shear strength after (a) flushing of water, (b) flushing of sand currents, (c) immersion in water for various durations. 
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Figure 5. (a) The comparison of transmittance at 400–1000 nm. (b) The practical test of transmittance under natural light. 
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Figure 6. (a) The 3D model of finite element simulation. (b) Cohesive zone model. 
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Figure 7. (a) Pull-off force varying with p (the ratio of the area of holes to the area of icet). (b) Normal and tangential stress distribution on the membrane’s surface. (c) The process of ice separation from the surface is characterized by damage variable when p is equal to 0.64, and the red area represents separated. The red and black lines represent force–displacement curves during the separation process with/without the expansion load acting. 
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Table 1. Details of groups A–F, and p represents the ratio of the area of holes to the area of the icet.
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	Group
	A
	B
	C
	D
	E
	F





	Number of holes
	1
	1
	1
	3 × 3
	3 × 3
	0



	Diameter/mm
	30
	28
	25
	4
	4.5
	0



	p
	0.694
	0.605
	0.482
	0.111
	0.141
	0
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