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Abstract— The capability of the phase-change materials 

(PCMs) in restoring and releasing energy as their latent heat can 

offer an effective solution in anti-icing applications. Such 

materials can be impregnated in the coating systems that can be 

applied on exposed infrastructures to protect them against icing. 

In this work, we embedded the microcapsules containing a 

mixture of n-dodecane and n-tetradecane, within a 

polydimethylsiloxane (PDMS) matrix. The wettability, and 

topography of the fabricated coating using a goniometer, and 

profilometry, respectively. Furthermore, icephobic 

characteristics of the coating were investigated using different 

methods, including push-off test, micro push-off test, and static 

accumulation test (SAT). It was confirmed that embedding PCM 

microcapsules can positively affect anti-icing and de-icing 

properties. 

Keywords— Icephobicity, phase change materials (PCMs), latent 

heat, smart coatings, ice adhesion, ice accumulation 

 

I. INTRODUCTION 

Ice formation, ice adhesion and ice accumulation on exposed 

surfaces can be along with devastating economical and safety 

issues, as results of decreasing energy generation efficiency, 

increasing energy consumption, and mechanical and electrical 

failures. Various methods have been used to combat icing-

related risks. These approaches can be classified as either 

active or passive methods [1–4]. Active methods include the 

procedures in which external energy, such as a thermal and 

mechanical source, is applied to remove or prevent ice 

accumulation. In contrast to active methods, passive methods 

rely on engineered surfaces, such as coatings. As passive 

methods do not need external energy input, these anti-icing 

approaches are often more attractive than active procedures 

[1,5,6]. Phase change materials (PCMs) can show a great 

ability for storing and/or releasing heat during a phase change 

process [7]. Such a capability has caused that PCMs are 

considered as a good potential candidate for anti-icing 

applications.  

   PCMs are usually embedded into coating using direct 

incorporation, immersion and encapsulating [8][9]; among 

these methods, encapsulation is the most effective one for a 

variety of applications due to prevention of some issues such 

as material exchange with environment, and PCM leakage. 

Releasing a large amount of latent heat during phase 

change process can play an essential role in anti-icing 

applications of PCMs. Thus, PCMs such as hexadecane and 

octadecane were encapsulated within inorganic shells. During 

solidification process, these materials released their latent heat 

that kept temperature within a certain range, resulting in 

delaying ice nucleation [10].  

 

II. EXPERIMENTAL PROTOCOLS 

A. Coating preparation 

A mixture of n-dodecane and n-tetradecane (Alfa Aesar) with 

a ratio of 3:7 was encapsulated within the urea-formaldehyde 

(UF) shell using in situ polymerization in an emulsion medium 

[11]. The curing agent was added to the base resin (Sylgard 

184 Dow Corning) as a standard ratio (1:10), and mixed 

thoroughly in a clean beaker for half an hour. During the 

mixing process, a dispersion of 20 wt % of PCM capsules in 

hexane, were added into the PDMS precursor. The coating 

was applied on the aluminum substrates by a ZEHNTNER 

film-applicator, and placed in the oven at 90˚C for 24 h to 

obtain fully-cured coating. 

B. Characterization 

The water contact angle was measured via a KrussTM 

DSA100 goniometer at 25°C. Moreover, surface roughness of 

the samples was evaluated by a Profil3D Filmetrics confocal 

laser scanning microscope.  

The effect of presence of PCM capsules on ice nucleation 

temperature was assessed using DSC Q200 differential 

scanning calorimeter (DSC).  Furthermore, the freezing 

delaying time of water droplets on the samples was examined 

at -20˚C by a Kruss machine equipped with a Peltier plate 

within a cold chamber.  

Ice adhesion strengths of the samples were evaluated using 

two different methods, namely push-off and the micro push-

off tests. In the push-off test, deionized water was poured in a 

cylindrical column with a 1 cm diameter, that was already 

placed on the sample. The samples with the filled cylindrical 

column were kept in a cold chamber at -10.0 ± 0.2 °C over a 

night to obtain ice cylinder. Instead of using the cylindrical 

column, in micro push-off test, a 10-µl deionized water 

droplets were placed on the sample, and the freezing process 
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was monitored by a camera. Furthermore, for micro push-off 

test, the force meter was more accurate, and the maximum 

measured force at ice attachment was divided by the contact 

area of the frozen water droplet–surface interface to obtain ice 

adhesion strength at -10.0 ± 0.1 °C.   

The ice accumulation on the sample was measured by static 

accumulation test (SAT) different angles including 0°, 45° and 

80°. Moreover, an Optris PIX infrared camera was using to 

monitor the temperature of the coating during the test. 

 

III. RESULTS AND DISCUSSION 

Figure 1 exhibits the cross-sectional SEM image of the 

sample that proving that the PCM microcapsules were 

completely dispersed throughout the bulk. Moreover, there 

was no considerable agglomeration and detectable defect, 

observed in the figure.  

 

 

Based on Figure 1 the microcapsules were closely in 

contact with the matrix. It happened due to surface roughness 

of microcapsules that enhancing mechanical interlocking, and 

consequently adhesion between microcapsules and the bulk 

materials. This can also prevent PCM leakage by protecting 

microcapsules against mechanical stresses.   

Figure 2 confirms that the presence of the microcapsules 

changed the topographical map of the coating that resulted in 

increased surface roughness from about 4 nm for reference to 

730 nm for sample containing 20% of microcapsules.  

  

The evaluation of the water contact angle showed that 

embedding microcapsules did not cause significant change in 

wettability, and it slightly heightened from 110° (PDMS) to 

about 115° for the sample containing 20% of PCM 

microcapsules.  

Table 1 exhibits the ice nucleation temperature and freezing 

time of the sample containing 20% of microcapsules in 

comparison with the reference sample. As it is clear the 

embedding microcapsules can positively affect anti-icing 

properties. The presence of the PCM microcapsules can lead 

to decrease ice nucleation temperature, and lengthen freezing 

time.  

 

Table 1. The evaluation of ice nucleation temperature and 

the freezing time. 

Characteristics Reference 
Samples with 20% 

of microcapsules 

Ice nucleation 

temperature (°C) 
-16.53 -17.81 

Ice nucleation 

time (s) at 10 °C 
181.2 710 

 

Using static accumulation test (SAT), we measured the 

amount of ice accumulated on the samples. The SAT 

technique was used to evaluate ice accumulation on the 

sample. Accordingly, at 45° the amount of ice accumulated on 

the reference was 6.38 g that reduced to 5.32 g for samples 

with the microcapsules. Furthermore, as presented in Figure 3, 

the sample containing PCM microcapsules had higher surface 

temperature than that of the reference. This can be probably 

attributed to releasing the latent heat of PCM during their 

phase changing process that preventing rapid temperature 

dropping.  

 

 

 

 

 

 

 

Figure 1. The cross-sectional micrograph of the 

sample containing 20% of microcapsules 

Figure 2. 3D topographical map of the sample 

containing 20% of microcapsules. 
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Figure 3. Variation of temperature of samples at 0° 

over time, obtained by the IR-camera. 
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Figure 4 illustrates the ice adhesion strength of the samples 

measured by two different methods, namely push-off and 

micro push-off tests. The main difference between two 

methods is the time at which the measurement was carried out. 

In push-off test, ice adhesion strength was evaluated after 24 

h; while in micro push-off test, the measurement was done 

right after freezing of the water droplet, that was determined 

by the camera. According to table 2 ice adhesion strength 

measured by push-off test, increased slightly, probably owing 

to increasing surface roughness and therefore, mechanical 

interlocking between the ice and the surface. However, ice 

adhesion measurement, carried out by micro push-off test, 

showed a reduction from about 380 kPa for the reference to 

approximately 112.5 kPa for the sample containing 

microcapsules. Indeed, the latter method was done when the 

liquid like layer located in ice-coating interface can be still 

affected by the released latent heat of the encapsulated PCM. 

The presence of this layer can play an important role in 

reducing ice adhesion. In addition, the reduction in ice 

adhesion would result in decreasing ice accumulated on the 

sample containing PCM microcapsules.  

   

 

 

 

IV. CONCLUSIONS 

In this work, we fabricated an icephobic coating by 

impregnating PCM microcapsules within PDMS matrix. The 

cross-sectional micrograph showed that the microcapsules 

were completely dispersed throughout the matrix. Moreover, 

embedding 20% of microcapsules in coating can decrease ice 

nucleation time, and increase freezing time. IR micrography 

also confirmed that the surface temperature of the coating 

containing PCM microcapsules reduced slower than that of 

the reference, most likely owing to release of PCM`s latent 

heat. This can also affect the amount of ice accumulated on 

the coating containing microcapsules. However, using ice 

adhesion measurement by push-off test did not show any 

reduction, however, evaluating ice adhesion via micro-push-

off test showed that impregnating microcapsules can decrease 

ice adhesion at the exact moment that the water droplet was 

completely frozen. 
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Figure 4. The ice adhesion strength of samples, obtained 

by the push-off and micro push-off tests. 


