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ABSTRACT: Introduction. The study is aimed at obtaining an anti-icing coating for building structures by creating a hydropho-
bic surface layer, which is regulated by surface energy and surface topography. Materials and methods. Acrylic resins A-01 and 
DEGALAN®, high-chlorinated polyethylene resin HCPE and silicone resin SILRES® MSE 100 were used in the research. Aerosil R 972 
nanoparticles were used as a filler.  The anti-icing properties of the coating were evaluated by the contact angle of the water drop 
with the coating, the static and dynamic contact angle, the wetting hysteresis, and the adhesion of ice to the superhydrophobic sur-
face. Results and discussions. We have found that coatings based on acrylic resins A-01, DEGALAN®, high chlorinated polyethylene 
resin HCPE and silicone resin SILRES® MSE100 20% concentration do not provide superhydrophobic properties. The superhydro-
phobic effect is retained by coatings based on SILRES® MSE100 silicone resin 5% and 10% concentration. The force of detachment 
of a drop from a coating based on SILRES® MSE100 silicone resin at a 10% concentration is 3 times less, which ensures an easier 
rolling of a water drop from the surface and its anti-icing properties. The amount of ice on an untreated surface is 0.59 kg/m2, and 
on a surface treated with a composition based on SILRES® MSE100 silicone resin, it is 0.15 kg/m2. Conclusions. An anti-icing coating 
composition based on SILRES® MSE100 silicone resin has been developed. The proposed composition forms a coating characterized 
by anti-icing properties that remain in operation. 
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INTRODUCTION 

The formation of icicles on the pitched roofs of houses 
and their subsequent fall can lead to serious and tragic 

consequences. Superhydrophobic coatings are used to 
protect building structures and facilities. Various compo-
sitions of anti-icing coatings are presented on the domes-
tic market [1–3]. The purpose of anti-icing coatings is to 
reduce the adhesion of ice to the surface. Such coatings 
significantly reduce freezing and ensure rapid ice melting 
during repeated freeze-thaw cycles [4–6]. 

Despite the large number of proposed compositions, 
the problem of icing remains relevant. Some anti-icing 
coatings have low adhesion to ice, however, however, 
the coatings do not retain anti-icing properties for a long 
time [7–10].

The adhesive strength of ice to the coating is a func-
tion of its surface energy [11, 12]. With an increase in 
the difference between the values of surface tension 
σw of water and surface tension σcr of the coating, the 
spreading of water over the surface layer of the coat-
ing decreases, which leads to a reduction in the con-
tact area between frozen water and the coating and, as 
a result, to a decrease in ice adhesion to the coating 
[13–15]. 

For most polymeric materials, adhesion with ice is 
more than 0.100 MPa. Practice shows that polymers 
should be used to combat icing, the thermodynamic 
characteristics of which meet the following requirements: 
σcr < 25 mJ / m2, contact angle of wetting with water more 
than 900. In this case, the adhesion strength of ice to the 
surface will not exceed 0.030 MPa.
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Real surfaces are rough. With complete wetting of the 
surface irregularities by the liquid, the value of the wetting 
angle θ′ is determined by the Wenzel equation:

cosθ′ = rcosθ, (1)

where r is the surface roughness, which is defined as 
the ratio of the true and apparent surface areas.

In a heterogeneous wetting regime, a liquid drop does 
not wet the entire surface, but only the tops of the surface 
relief. The value of the contact angle is determined by the 
Cassie-Baxter equation:

cosθ′ = –1 + Фs(cosθ + 1), (2)

where Фs is the fraction of the surface area in contact 
with the water drop.

Therefore, superhydrophobic surfaces should have 
a small fraction of the surface area in contact with the 
surface of the water drop. Thus, the mechanism of anti-
icing action is directly related to the hydrophobicity of the 
surface layer, which is regulated by the surface energy, and 
the surface topography [16–20].

The use of hydrophobic aerosil R-972 nanoparticles 
as a filler is promising. which has surface hydrophobic 
methyl groups. 

Based on the foregoing, the development of the for-
mulation of the anti-icing composition consisted in the 
selection of a binder and filler and their optimal content. 
In this case, we proceeded from obtaining the topography 
of the coating surface, which provides a heterogeneous 
wetting regime.

MATERIALS AND METHODS

The following types of resins were used in the work: 
A-01 acrylic resin, DEGALAN® acrylic resin, HCPE 
high-chlorinated polyethylene resin and SILRES® 
MSE100 silicone resin. Aerosil R 972 with a density of 
ρ = 2360 kg/m3, particle size 16 nm was used as a filler 
and specific surface Ssp = 12 000 m2/kg.

The degree of hydrophobicity was assessed by the 
value of the contact angle (θо) of a water drop from the 
coating. The contact angle was determined by the drop 
projection method. A drop of liquid on a horizontal test 
surface was projected onto a screen, and the angle θ was 
determined from the figure along the height (h) of the 
drop and the radius of the contact area of the drop with 
the test surface (r) using the formula:

at θ < 90о

cosθ = (r2 – h2) / (r2 + h2), (3)

at θ > 90о

cosθ = (1–h)/r. (4)

Additionally, the contact angle was determined after 
wetting the coatings for 72 hours. 

To characterize the anti-icing properties of the coat-
ings, we used the value of the static and dynamic (advanc-
ing and receding) wetting angle, as well as the wetting 
hysteresis, for which the advancing angles θad and receding 
angles θrec were measured.

The dynamic contact angle was determined by the 
sessile drop method. To do this, a drop of water was 
placed on the surface of the coating using a syringe, the 
drop diameter was 2 to 5 mm. During the measurement 
of the incoming angle (θad), the syringe needle remained 
in the drop throughout the entire experiment. The re-
ceding angle (θrec) was measured when the droplet size 
decreased due to the suction of water through a syringe 
(Fig. 1). Wetting hysteresis was determined from the 
difference between the incoming angle and the outflow-
ing angle.

The method for determining the critical angle at which 
a drop of water began to roll down from an inclined sur-
face was as follows. A drop of water was placed on a metal 
plate, which gradually began to tilt. Metal plates of pro-
filed roofing “MR-20” with a polymer coating were used 
as substrates. The composition of the anti-icing coating 
was applied to the plate, after curing of which a drop of 
water was applied to the surface. The static contact angle 
was determined by the sessile drop method using the for-
mula (4).

The relative viscosity of the polymer solution was de-
termined using a VZ-4 viscometer. The adhesion of the 
coatings to the substrate was evaluated by the lattice notch 
method in accordance with GOST 15140-78 “Paint-and-
lacquer materials. Methods for determining adhesion”.

To evaluate the interaction between the film former 
and aerosil nanoparticles, an FSM 1201 FT-IR spectrom-
eter (OOO Infraspek, Russia) was used with a MATTR36 
multiple total internal reflection violation attachment with 
a ZnSe prism and a PZO10 specular reflection attach-
ment. The measurements were carried out in the spectral 
range 650–3950 cm–1 with a resolution of 4 cm–1.

Resin was applied to aluminum foil substrates, which 
acted as a reference sample. Aerosil samples, which are 
ultrafine powder, were measured using the ATR method 
in the spectral range 650–4250 cm–1 with a resolution of 
4 cm–1 without additional sample preparation.

The calculation of the optimal content of the filler was 
carried out according to the formula:

 , (5)

where Ssp is the specific surface area of the filler.
The specific surface area was determined using 

a PSKh-12 instrument.
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RESULTS 

Fig. 2 shows the dependence of the viscosity of the 
resin solution on its concentration in the solvent (xy-
lene).

Representing the dependence of the viscosity of the 
polymer solution in semilogarithmic coordinates (Fig. 3), 
we obtain two intersecting lines. The point of intersec-
tion, projected onto the x-axis, will represent the critical 
concentration of the polymer in solution.

It has been established that the critical concentration 
of the polymer solution in xylene is 12% for highly chlo-
rinated polyethylene resin HCPE, 20% for acrylic resin 
A-01, silicone resin SILRES® MSE100, acrylic resin DE-
GALAN (Fig. 3). For further studies, the concentration of 
resins in the solution was taken to be less than the critical 
one, since the practical concentration of the polymer in 
the solution should be lower than the critical one.

It has been established that the optimal content of 
Aerosil R 972 nanoparticles for acrylic resin A-01, high-
chlorinated polyethylene resin HCPE is V = 0.008, for 
silicone resin SILRES® MSE100 – 0.009, for acrylic resin 
DEGALAN – 0.012. In Table 1 shows the contact angle 
values for various formulations.

Analysis of the data given in Table 1 indicate that coat-
ings based on A-01 acrylic resins, DEGALAN® and high 
chlorinated polyethylene resin HCPE do not provide su-
per hydrophobic properties after wetting. The contact an-
gle of wetting is less than 150 degrees and is 81–86 degrees 
(on a metal substrate) and 104–124 degrees (on a solution 
substrate). Coatings based on SILRES® MSE100 20% 
silicone resin, although having a higher contact angle, are 
also not superhydrophobic. The contact angle of wetting 
on metal and mortar substrates is less than 150 degrees.

The superhydrophobic effect was retained by coat-
ings based on SILRES® MSE100 5% silicone resin and 

Fig. 1. Photo of a water drop on a metal surface: a, b – on a superhydrophobic surface; c, d – on the hydrophilic 
surface; a, c – leakage; b, d – outflow

a b

c d
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Fig. 2. The dependence of the nominal viscosity of the polymer solution on the concentration of the 
resin: 1 – highly chlorinated polyethylene resin HCPE; 2 – acrylic resin A-01; 3 – silicone resin 
SILRES® MSE100; 4 – acrylic resin DEGALAN

Fig. 3. The dependence of the viscosity of the polymer solution on the concentration of the resin in 
semi-logarithmic coordinates: 1 – high chlorine HCPE polyethylene resin; 2 – acrylic resin A-01; 
3 – silicone resin SILRES® MSE100; 4 – acrylic resin DEGALAN
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10% concentration – the wetting angle on the solution 
substrate was more than 150 deg. Adhesion of coatings 
to the substrate after wetting is 1 point.

Fig. 4 presents the results of spectroscopic studies of 
the organosilicon binder type SILRES MSE100 with and 
without the addition of aerosil, and for comparison, the 
IR transmission spectrum of aerosil is shown separately.

Analysis of the presented IR spectra shows that Aerosil 
powder is chemically pure (within the resolution of the 
method) silicon dioxide, which is characterized by the 
presence of vibrational modes at 810 and 1110 cm–1. The 
first of the modes corresponds to the twisting vibrations 
of Si2O, and the second can be reliably attributed to the 
stretching symmetric and asymmetric vibrations of the 
bridging oxygen of the Si–O–Si bonds.

The introduction of an aerosil additive into the struc-
ture of the SILRES MSE100 organosilicon binder does 
not lead to a significant change in its qualitative composi-
tion, which can be judged by almost identical IR trans-
mission spectra (Fig. 4). In this case, new types of vibra-
tions corresponding to the chemical bonding of SiO2 and 
organosilicon are not observed, which, apparently, is due 
to the physical mechanism of interaction between aerosil 
and the binder. However, the decrease in the intensity of 
the absorption peaks at 1650 and 3640 cm–1, as well as in 
the spectral range 1750–2000 cm–1, observed in the IR 
spectra, allows us to conclude that aerosil nanoparticles 
have some effect on the SILRES MSE100 condensation 
process, in particular, on the removal from its structures 
are water, simple alcohols, and cyclic anhydrites. 

The dependence of the wetting characteristics dur-
ing the spreading of a drop on the surface of the coat-

ing was studied on the basis of the proposed composi-
tion. The values of the contact angles are presented in 
Table 2 and clearly confirm the presence of hysteresis 
on the surface. 

At an angle of inclination of the metal plate of 10o, 
a drop of water from the superhydrophobic surface begins 
to roll down (Fig. 5).

In addition, a calculation was made of the force at 
which a drop of water rolls down an inclined surface. The 
volume of a water drop was 0.05 ml and was the same for 
different surfaces. In this case, its mass was determined 
in accordance with the formula

m = Vρ, (6)

where ρ is the density of water. 
Rolling occurs when the trailing edge of the drop 

breaks off. The drop separation condition is determined 
by the expression 

F = mqsinα, (7)

where m is the mass of a water drop, kg;
α is rolling angle, deg;
F is tear-off force, n.
The force F is the sum of the adhesion values of a wa-

ter drop and the friction force.
Table 3 shows the values of the force F for a hydro-

philic and superhydrophobic surface.
A 3-fold decrease in the force of detachment of a drop 

from an anti-icing coating was revealed, which ensures an 
easier rolling of a drop of water from the surface. 

Table1 
The value of the contact angle on the anti-icing coating based on various resins

Resin type
Resin 

concentration, 
%

Volume 
content of filler

Contact angle (θо), deg,*
on a mortar 

substrate
on a metal 
substrate

High chlorinated polyethylene resin HCPE 15 0.009 150
124

170
86

Acrylic A-01 20 0.008 151
103

175
81

DEGALAN® Acrylic resin DEGALAN® 20 0.012 152
110

154
83

Silicone resin SILRES® MSE100 20 0.009 152
104

176
104

Silicone resin SILRES® MSE100 5 0.009 160
151 –

Silicone resin SILRES® MSE100 10 0.004 162
153 –

Note. * Above the line are the values of the contact angle before wetting, under the line – after 72 hours of wetting
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Table 2 
Contact angle for water on a surface

Surface type Static wetting 
angle Off angle Leak angle Wetting 

hysteresis
silicone resin coating SILRES® MSE100 164 162.8 166.5 3.7
hydrophilic 25.4 21.1 45 23.9

Table 3 
Rolling angle of a water drop from the surface

Surface type Rolling angle, degree Breakaway force, n
roofing corrugated sheets “MR-20” (hydrophilic surface) 31 2.55●10–4

MR-20 corrugated roofing sheets are treated with a 
composition based on SILRES® MSE100 silicone resin 10 0.85●10–4

Fig. 4. IR transmission spectra: 1 – organosilicon binder SILRES MSE100; 2 – organosilicon binder with 
the addition of aerosil; 3 – aerosil

Fig. 5. Photo of a water drop on the surface of an anti-icing coating on a metal surface: a – in its original state; 
b – after 1 second of rolling; c – after 2 seconds of rolling

a b c
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It has been established that the removal of ice from 
a superhydrophobic surface at room temperature at a plate 
inclination angle of 90 degrees begins after 1 minute 
55 seconds, and after 3 minutes the ice has fallen from 
the plate (Fig. 6). Removal of ice from the hydrophilic 
surface is not observed; after 6 minutes of being at room 
temperature, the ice melted (Fig. 7).

It was found that the amount of ice on the hydrophilic 
surface is 0.59 kg/m2, and on the surface treated with 
a composition based on SILRES® MSE100 silicone resin, 
it is 0.15 kg/m2.

CONCLUSIONS

An anti-icing coating composition based on 5% and 
10% concentration SILRES® MSE100 silicone resin and 
R 972 aerosil nanoparticles has been developed. The com-
position is designed to protect building structures from 
icing. The results of the conducted studies indicate that 
the proposed composition forms a coating characterized 
by anti-icing properties that remain during operation.

Fig. 6. Photo image of ice rolling off a superhydrophobic surface: a – the beginning of ice rolling; b – after rolling

Fig. 7. Photo of an image of ice rolling from a hydrophilic 
surface (freezing temperature –10оC)

a b
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