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Design and Preparation of Sandwich-Like Polydimethylsiloxane (PDMS) Sponges with Super-Low Ice Adhesion
Zhiwei He,ab Yizhi Zhuo,a Jianying Hea and Zhiliang Zhang*a
The mitigation of ice on exposed surfaces is of great importance to many aspects of life. Ice accretion, however, is unavoidable as time elapses and temperature lowers sufficiently. One practical solution is to reduce ice adhesion strength on a surface as low as possible, by either decreasing substrate elastic modulus, lowering surface energy or increasing the length of cracks at ice-solid interface. Herein, we present a facile preparation of polydimethylsiloxane (PDMS) based sandwich-like sponges with super-low ice adhesion. The weight ratio of the PDMS prepolymer to the curing agent is tuned to lower surface energy and elastic modulus. The introduction of PDMS sponge structures combined the advantages of both reduced apparent elastic modulus and most importantly, the macroscopic crack initiators at ice-solid interface, resulting in dramatic reduction of ice adhesion strength. Our design of sandwich-like sponges achieved a low ice adhesion strength as low as 0.9 kPa for pure PDMS materials without any additives. The super-low ice adhesion strength remains constant after 25 icing and deicing cycles. We thus provided a new and low-cost approach to realize durable super-low ice adhesion surfaces.
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Introduction
The mitigation of ice accretion on exposed surfaces is of great importance to many aspects of life, such as power lines, wind turbines, transportation, aircraft and offshore oil platforms.1,2 Common approaches used to remove accreted ice, such as deicing fluid spray and thermal heating, often cause environmental and safety problems.3,4 An alternative strategy is to introduce passive icephobic surfaces that can spontaneously repel incoming water droplets, suppress ice nucleation and lower ice adhesion.2,5,6 Superhydrophobic surfaces have been demonstrated not only water repellent property but also suppressing ice nucleation as well as lowering ice adhesion strength if micro-crack initiators occur at ice-solid interface.7-9 However, vapour condensation inevitably happens over hierarchical structures of superhydrophobic surfaces as time elapses and temperature lowers sufficiently,10,11 leading to possible inter-locking effect between ice and hierarchical structures and thus an increase in the ice adhesion strength.12-14 For many practical applications, a realistic pathway towards the design of icephobic surfaces is to live with ice but with lowest possible ice adhesion such that accreted ice can easily fall off by its own weight or natural wind.6,15-17
Lowering ice adhesion strength is not trivial. From the viewpoint of fracture mechanics, the ice adhesion strength can be estimated by6,18,19
                                                                   (1)
where E* is the apparent elastic modulus, G is the surface energy, a is the length of crack and Λ is a non-dimensional constant determined by the geometric configuration of the crack. Therefore, the reduction of ice adhesion can be achieved by either reducing the substrate elastic modulus, lowering the surface energy or generating longer cracks at ice-solid interface.
Surface energy can be tuned by surface modification with plasma,20 silanization,6,21 lubricating liquid,16 and so on. For example, Yan et al. employed a CF4 plasma treatment to decrease surface energy of polydimethylsiloxane (PDMS) substrate.20  Li et al. lowered surface energy of silicon substrate with fluoroalkyl silanes to study the ice nucleation rate on hydrophobic surfaces.21 Wong et al. designed a slippery liquid infused porous surface (SLIPS) by pouring perfluorinated fluids into porous structures and obtained a slippery surface with very low energy.16 He et al. reduced surface energy of PDMS coatings with the silanization of perfluorodecyltrichlorosilane to promote nanoscale crack initiator at ice-solid interface.6 However, it has been demonstrated that the reduction of ice adhesion strength by surface modification per se is limited.6 
In parallel, a number of research works have been focused on the reduction of elastic modulus for lowering ice adhesion. Soft materials with low elastic modulus, such as elastomers and organogels, are widely investigated for anti-icing application.6,17,22-24 A common approach to reduce elastic modulus of PDMS is to decrease the weight ratio of the PDMS prepolymer to the curing agent.6,17 Golovin et al. added silicone oil into PDMS substrates to further reduce ice adhesion by creating an oil layer at ice-substrate interface.17 As the elastic modulus decreases, the free chains of PDMS also increase, which influences the mechanical robustness of PDMS-based coatings in real application.
Compared with elastomers, organogels possess lower elastic modulus. Urata et al. prepared self-lubricating organogels via a simple crosslinking reaction of PDMS in the presence of several organic liquids, showing multi-liquid repellency, renewable superhydrophobicity, and thermo-sensitive anti-icing properties.22 Wang et al. fabricated a durable organogel anti-icing material via swelling cross-linked PDMS with liquid paraffin, showing the lowest ice adhesion of 1.7 ± 1.2 kPa at −30 °C.24 Beemer et al. developed inexpensive, environmentally benign, non-corrosive PDMS gels that offer ultra-low adhesion to ice as well as outstanding mechanical durability.23 All the above-mentioned work have proven that low elastic modulus of the surfaces contributes to the reduction of ice adhesion. 
Multiscale crack initiators at ice-solid interface serve as stress concentrators as suggested by several studies6,18,25,26 and thus ice adhesion strength can be largely reduced. Nosonovsky et al. reported that ice adhesion strength can be reduced if the initial size of interfacial cracks is large.18 Riahi et al. investigated the behavior of ice at high strain rates by the brittle cracking theory.25 Ling et al. presented that micro-cracks act as interfacial stress concentrators and thus reduce ice adhesion.26 In addition to all the adhesion-lowering factors mentioned above, He et al. recently demonstrated that PDMS coatings with designed sub-structures (so-called macroscopic crack initiators-MACI) can greatly facilitate the formation of macro-cracks at the ice–solid interface, reaching a lowest ice adhesion of 5.7 kPa for pure PDMS without any additives.6 It should be noted that regular sub-structure patterns based on soft lithography was used for design of MACI mechanisms.
In this study, we present a completely different and low-cost method to prepare super-low ice adhesion surfaces with ice adhesion about 6 times smaller than that reported in our recent work6 by designing sandwich-like PDMS sponges. The preparation method is illustrated in Figure 1. Starting from food sugar template, by tuning the amount and weight ratio of poured PDMS mixtures, sponges with different elastic modulus were obtained. Compared to the solid PDMS substrate, the new design combined the advantages of both reduced apparent elastic modulus and macroscopic crack initiators at ice-solid interface, leading to a low ice adhesion strength as low as 0.9 kPa for pure PDMS materials without any additives.

Figure 1 Schematic overview of a facile preparation of the sandwich-like sponge. The sugar template and PDMS sponge structure in this figure are only used to illustrate the preparation process, and the structures of real ones are randomly porous.
Experimental
Facile preparation of sandwich-like PDMS sponges. The preparation of sandwich-like PDMS sponge was based on a lost-wax like casting process, improved from a previous study.27 Granulated sugar particles bought from supermarket were used to fabricate sugar template. The powdered sugar particles were kneaded by spraying water, cast in a cuboid mold to shape sugar template in a size of 6 cm × 6 cm × 3.2 mm, and dried at 80°C in an oven for 6 hours. When pressing kneaded sugar particles in a cuboid mold, there were residual sugar particles (~0.8 mm) on the edges of one side of the sugar template. When these residual particles on sugar template contacted with glass substrate, the space between glass substrate and these residual sugar particles was supposed to form the bottom layer of sandwich-like PDMS sponges. The obtained sugar template was carefully taken from the mold and placed on a glass substrate with aluminium foil as a holder. A mixture of PDMS prepolymer (Sylgard®184, Dow Corning) and a curing agent in different weight ratios (10:1, 10:2, 10:4, 10:7 and 10:10) was poured. The thickness of top layer of sandwich-like PDMS sponge (~0.8 mm) was controlled by the amount of poured PDMS mixture. The sugar template with the PDMS mixture was degassed in a vacuum chamber for 10 hours, in which the PDMS mixture gradually infiltrated into the sugar template because of capillary forces. After a curing process at 65 °C for 2 hours, the aluminium foil holder was removed. Four edges of the cured PDMS with sugar template were cut to make sure that these edges can be exposed to water. To accelerate the dissolution, the sugar template inside sandwich-like PDMS sponge was dissolved and washed away by soaking in an ultrasonic cleaner at 40 °C.  Finally dried with a nitrogen gun, three-dimensional porous sandwich-like PDMS sponges were obtained.
Characterization. The roughness of representative sandwich-like PDMS sponges was evaluated by using a surface profilometer (Dektak 150, Veeco) equipped with a 12.5 μm diamond tip stylus. The water contact angle was tested by using a CAM 200 contact-angle system (KSV Instruments Ltd., Helsinki, Finland) at room temperature. Advancing (θadv) or receding (θrec) contact angles were measured and repeated for 5 times, where water was supplied via a syringe in or out of sessile droplets (~5 μL).6 The water adhesion force was investigated by a Dynamic Contact Angle Tensiometer (DCAT11®, dataphysics) at room temperature and repeated for 10 times.2 Microscopy images of granulated sugar particles and PDMS sponges were taken by using a DIC microscope (Zeiss AxioScope A1 for Reflected light BF-DIC/POL, Carl Zeiss). The elastic modulus was obtained via compressing PDMS substrates (or sandwich-like PDMS sponges) with a size of 6 cm × 6 cm × 4.8 mm by using an Instron MicroTester (Instron® Model 5944) and repeated for 3 times.
Ice adhesion test. The ice adhesion strength was characterized by a vertical shear test, following the same procedure described in previous studies.2,6 The details of an ice adhesion test were as follows: 10 mL de-ionized water was filled in a polypropylene centrifuge tube mold sealed on sandwich-like PDMS sponges by a silicone sealant (Loctite® 5926), followed by keeping the system in a refrigerator at −18 °C for 24 hours. After freezing, the above system was transferred from the refrigerator to a cooling chamber (−18 °C) in a short time, and then the cooling chamber was stabilized at −18 °C for 30 min. During a shear loading process, a 5 mm force probe propelled the tube-encased ice columns (2.8 cm in diameter) in the cooling chamber (−18 °C) at a velocity of 0.1 mm·min−1, and the probe was located close to the ice-PDMS interface (less than 1 mm) to minimize the torque on the ice cylinder. In addition, icing/de-icing cyclic tests were carried out following the above procedure. The freezing time of water in icing/de-icing cyclic tests varied from 2 h to 24 h, and there was no significant change in measured ice adhesion strength on PDMS substrates. To facilitate the icing/de-icing cyclic tests, the freezing time was chosen to be 2 hours, which was similar to a previous study.23 
Results and discussion
The characteristic sugar template and the obtained sandwich-like PDMS sponge are shown in Figure 2a and 2b. The green highlighted area in Figure 2a shows the shapes of granulated sugar particles (Figure 2c), and the pink highlighted area in Figure 2b reveals the morphologies of PDMS sponge structures (Figure 2d). It can be found in Figure 2c and 2d that the size of granulated sugar particles is ~500 µm and the pore size of the sponge structures is ~800 µm. Such design of three layered sandwich-like PDMS sponges has the following purposes. One is to avoid any inter-locking effect when a smooth top layer of PDMS is presented. The second is to decrease elastic modulus by the middle sponge layer and facilitate crack initiation at ice-PDMS interface. The third is to increase the adhesion with glass substrate by the bottom PDMS layer, enhancing the mechanical durability of sandwich-like PDMS sponges during icing/de-icing cyclic tests. 

Figure 2 Photos of (a) sugar template and (b) sandwich-like PDMS sponge with a thickness of 4.8 mm. The thickness of top layer, sponge layer, and bottom layer of sandwich-like PDMS sponge is 0.8 mm, 3.2 mm, and 0.8 mm, respectively. The microscopy images of (c) as the green highlighted area in (a) showing granulated sugar particles and (d) as the pink highlighted area in (b) showing PDMS sponge structures.

Ice adhesion strength of PDMS substrates and sandwich-like PDMS sponges
For pure PDMS substrates, a correlation between ice adhesion and coating thickness, as discussed by Wang et al., was found that follows an equilibrium theory developed by Kendall over 4 decades ago for removal of a rigid object from an elastomer.28,29 
                                                  (2)
where τc is the shear stress required to remove a rigid cylinder, wa is the work of adhesion of the materials, K is the bulk modulus, and t is the thickness of elastic coating. Equation (2) reveals that increasing the thickness of elastomer can lower ice adhesion strength. To demonstrate the above correlation, ice adhesion strength of pure PDMS substrates as a function of different thickness is shown in Figure 3a. When the thickness of a PDMS (10:1) substrate is less than 300 µm, ice adhesion strength shows a nearly linear relationship with the coating thickness (the square of the correlation coefficient, R2=0.97). When the thickness of a pure PDMS (10:1) substrate varies from 1.1 to 5.2 mm, ice adhesion strength is almost stable around 36.5 kPa. Similar results have been reported by Wang et al. that ice adhesion strength reaches a limited value when the elastic coating thickness is above ~500 µm.28 It indicates that ice adhesion strength cannot be further reduced by simply increasing the thickness of pure PDMS substrates. 
[bookmark: _GoBack]Tuning the weight ratio of PDMS is a convenient approach to reduce elastic modulus, lower surface energy and thus decrease ice adhesion strength.6,17 In order to investigate the role of weight ratio of PDMS on ice adhesion, the thickness of pure PDMS substrate and sandwich-like PDMS sponges was constant (4.8 mm). The relation of ice adhesion strength with the weight ratio between the PDMS prepolymer and a curing agent is plotted in Figure 3b. For 4.8 mm thick pure PDMS substrates, the weight ratio (blue bar) varied from 10:1 to 10:10, resulting in a reduction of ice adhesion strength about 92.3% from 36.5 kPa to 2.8 kPa. According to the equation (1), such large reduction of ice adhesion is mainly because of the decrease of surface energy and elastic modulus of pure PDMS substrates by reducing weight ratio of PDMS as shown in Figure 4a and 4f. 
Equation (1) also indicates that the increase of the crack length at ice-solid interface can also lower ice adhesion strength. As mentioned in our previous study, introducing MACI at the ice-PDMS interface can generate large cracks underneath the ice and fatally reduce ice adhesion strength.6 Therefore, a 3.2 mm thick layer of PDMS porous sponge are introduced into pure PDMS substrates. It can be found from Figure 3b that sandwich-like PDMS sponges (red bar) further reduce ice adhesion from 41% to 68% when compared with pure PDMS substrates with the same thickness (4.8 mm) and the same weight ratio, reaching the lowest ice adhesion strength of 0.9 kPa, which is about 6 times smaller than that reported in our recent work.6
The lowest ice adhesion strength of 0.9 kPa was achieved because of the novel design that consists of a smooth top layer which avoids the potential ice inter-locking effect and a sponge middle layer which maximize the effect of the MACI mechanism. In our previous study, regular patterns created by soft lithography were used. The ice adhesion results demonstrated in this study indicate that porous sub-structures offer a viable alternative to realize super-low ice adhesion surfaces.


Figure 3 Ice adhesion strength at -18 °C plotted against (a) PDMS substrates (10:1) with different thickness, and (b) PDMS substrates and sandwich-like PDMS sponges in different weight ratios. The thickness of all the substrates in (b) is 4.8 mm.
Room temperature characteristics of sandwich-like PDMS sponges
Due to the cost and time consuming nature of ice adhesion tests which are conducted below zero temperature, it is always interesting to correlate room temperature characteristics of surfaces with icephobic behaviour.2 Herein, surface wettability, roughness, elastic modulus and water adhesion force of the developed sandwich-like PDMS sponges are evaluated, and shown in Figure 4. It can be seen from Figure 4a that contact angle of both sandwich-like PDMS sponge and pure PDMS substrates increases while their contact angle hysteresis decreases with weight ratios from 10:1 to 10:10, indicating the decrease of surface energy. However, sandwich-like PDMS sponge and pure PDMS substrates with the same weight ratio have nearly identical contact angle and contact angle hysteresis. It means that the characterization of surface wettability cannot distinguish the sub-structures of surfaces, while these sub-structures are of great importance to the reduction of ice adhesion. Therefore, water contact angle and contact angle hysteresis are not responsible for reduced ice adhesion strength of sandwich-like PDMS sponge, which is in agreement with the results of Chen et al.30 Figure 4b shows that the ice adhesion of pure PDMS substrates is quite different to that of sandwich-like PDMS sponges although the water advancing contact angles of both cases are similar. In short, surface wettability does not correlate the ice adhesion strength of surfaces with similar surface energy but with different sub-structures, such as pure PDMS substrates and sandwich-like PDMS sponges.
        Receding contact angle has been reported to correlate well with ice adhesion strength by Cohen et al. through the following expression:1
                        (3)
where Wp is the practical work of adhesion, γLV is the liquid-vapor surface tension of the liquid and θrec is the water receding contact angle. Cohen et al. recently found that ice adhesion strength of stiff polymer coatings correlates well with the value of [1+cosθrec], except that of elastic PDMS-based low ice adhesion substrates.30 The possible explanation for this exception is that the ice adhesion strength of elastic PDMS substrate also depends on coating thickness and porous sub-structures, as suggested by other reports.2,6,28,30 Nevertheless, Figure 4c shows that ice adhesion strength of sandwich-like PDMS sponges and pure PDMS substrates has a linear relationship with the value of [1+cosθrec] (the square of the correlation coefficient, R2=0.78). It suggests that receding contact angle may be proper to correlate with ice adhesion strength for a single type of substrates, like elastic PDMS-based substrates.
Water adhesion force, which is measured from the detaching process of a water droplet from the substrate, has been demonstrated to correlate with ice adhesion strength.2 It can be found in Figure 4d that ice adhesion strength ranging from 0.9 to 36.5 kPa shows a strong linear relationship with water adhesion force ranging from 170 to 315 µN (R2=0.90). This is because the detachment process of water droplets is similar to the detachment of ice columns. Both of these measurements can not only reflect surface energy but also characterize the surface deformations of elastic substrates.2 It indicates that water adhesion force at room temperature may be a proper parameter to estimate ice adhesion strength, similar to the previous study.2 Besides, the root-mean-square-roughness (Rq) of both sandwich-like PDMS sponges and pure PDMS substrates varies in a small range between 48 and 65 nm (Figure 4e),  independent of their ice adhesion strengths. It means that surface roughness as a single characteristic is not suitable to correlate with ice adhesion strength.
As mentioned in Equation (1), low elastic modulus is favourable to the reduction of ice adhesion strength. Figure 4f shows that the ice adhesion strength of sandwich-like PDMS sponges and pure PDMS substrates lowers as the elastic modulus decreases, respectively. The sandwich-like PDMS sponge (10:7) and pure PDMS substrate (10:10) have similar ice adhesion strengths of 2.7 and 2.8 KPa, while they have quite different elastic modulus of 0.075 and 0.63 MPa. According to Figure 4f, it can be concluded that substrates with low ice adhesion show relatively low elastic modulus though substrates with low elastic modulus cannot guarantee low ice adhesion.2 Therefore, when designing super-low ice adhesion surfaces, elastic modulus should be controlled at a relatively low value.
Icing/de-icing cyclic tests and de-icing mechanisms 
       The functional durability of icephobic surfaces and coatings is significant to their long-term performance. Thus icing/de-icing cyclic tests are carried out to evaluate the durability of sandwich-like PDMS sponges, as shown in Figure 5. In Figure 5a, the freezing time of ice cubes varies from 2 to 24 hours, and ice adhesion strength of pure PDMS substrates is quite similar. To facilitate cyclic tests, the freezing time is chosen as 2 hours for the tests of pure PDMS substrates (10:1) and sandwich-like PDMS sponges (10:1 and 10:10), as shown in Figure 5b-d. During 25 cyclic tests, ice adhesion strength of pure PDMS substrates (10:1) and sandwich-like PDMS sponges (10:1 and 10:10) is stable at around 36.5 kPa, 21.0 kPa, and 1.0 kPa, respectively, indicating the mechanical durability of designed sandwich-like PDMS sponges in potential long-term use.


Figure 4 Room temperature characteristics. (a) Contact angle and contact angle hysteresis of PDMS substrates and sandwich-like PDMS sponges in different weight ratios. Correlations between ice adhesion and (b) advancing contact angle, (c) the value of [1+cos θrec], (d) water adhesion force, (e) roughness, and (f) elastic modulus. The thickness of all the substrates in (a-f) is 4.8 mm. 




Figure 5 Ice adhesion strength at -18 °C plotted against (a) freezing time for PDMS substrates (10:1), and number of cycling tests for (b) PDMS substrate (10:1), (b) sandwich-like PDMS sponge (10:1) and (d) sandwich-like PDMS sponge (10:10). The thickness of all the substrates in (a)-(d) is 4.8 mm.
For a smooth PDMS substrate, cracks usually initiate only at the corner of ice cubes as shown in Figure 6a and ice adhesion strength remains high.6 For PDMS sponge structures without a smooth top layer, water can fill in open-pores and finally form ice at a low temperature (Figure 6b). As a result, inter-locking effect between ice and PDMS sponge structures occurs, and thus increases ice adhesion strength. The design of sandwich-like PDMS sponges can not only avoid inter-locking effect between ice and PDMS substrates (Figure 6c), but also reduce elastic modulus of PDMS substrates and create macro-crack initiators at ice-PDMS interface, realizing super-low ice adhesion strength. In addition, the smooth top layer will also protect PDMS sponge structures from damage and contamination, achieving long functional durability.
Conclusions
       Ice adhesion strength can be decreased by three parameters, decreasing elastic modulus lowering surface energy and increasing possible crack length at ice-solid interface. We use a facile low-cost preparation method to obtain sandwich-like PDMS sponges. Such design can realize super-low ice adhesion by favourably combining above three parameters simultaneously. The durable sandwich-like PDMS sponges reached the lowest ice adhesion strength of 0.9 kPa, a value for PDMS materials without any additives. The mechanical robustness of PDMS-based coatings with low elastic modulus should be considered for its real application. Despite the large thickness of the sandwich-like PDMS sponges demonstrated, which is an issue itself to be considered in future, we envision that the facile method can be used to produce durable icephobic adhesion surfaces with tunable low-ice adhesion strength.



Figure 6 De-icing mechanisms on PDMS based substrates of (a) smooth PDMS substrate, (b) PDMS sponge and (c) sandwich-like PDMS sponge.
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