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Abstract— Ice accretion and snow adhesion on surfaces can 

represent a severe problem in many fields as power lines, 

telecommunication, wind turbine and energy production. 

Super-hydrophobic surfaces (SHP) show ice-phobic properties 

only in some cases; a relation between SHP and ice-phobicity 

has yet to be clearly understood and the durability of these 

surfaces is still an open issue. Hierarchical structured surfaces 

composed of micrometric scale-roughness, a superimposed 

nanometric structure and low energy molecules, are known to 

show SHP properties. In this study we present an easy, fast and 

economic process to obtain Aluminum super-hydrophobic 

hierarchical surfaces with durable anti-icing properties. The 

three-step process consists of mechanical treatments of the 

surface (sandblasting, tumbling etc) to impart a micro-

roughness, growing a nanostructured pseudo-boehmite AlO-

OH by hydrothermal treatment and eventually apply a 

fluoroalkylsilane coating (FAS). 

Several samples were prepared with different micro-

roughness treatments. Morphological study, complete 

characterization of hydrophobic properties both at room and 

low temperatures and shear stress tests were conducted and 

important differences among the samples were highlighted. In 

particular, we point out how the micro-roughness can influence 

the superhydrophobic and anti-icing behaviour of the surfaces. 

Promising results were found for sandblasted samples, 

especially in terms of anti-icing properties and durability: low 

ice adhesion values are preserved even after 20 shear stress 

tests. 

Keywords— icephobic, durability, superhydrophobic, micro-

roughness 

I. INTRODUCTION 

Ice and snow accretion on metallic surfaces are known to 

cause serious economic and safety problems in many fields 

from aeronautics to power line and telecommunications. 

Ceasing the electrical supply, impairing the data systems and 

dangerous damaging to aircraft are just some of the 

consequence of ice and snow accretions [1]-[2]. The 

accumulation of ice and snow can easily happen in a wide 

range of temperature and humidity, indeed this phenomenon 

is considered a serious problem in several countries. For 

these reasons, increasing attention on anti-icing coating is 

evidenced in many works [3]-[5]. In recent years, several 

molecules [6] were tested as anti-icing coatings: elastomers, 

SLIPS (Slippery liquid infused surfaces), polymers, 

hydrophobic and superhydrophobic (SHP) coatings are some 

examples. However, a time-saving and economic process to 

synthesise a durable ice-phobic coating has to be developed 

yet. Although the superhydrophobic materials are promising 

candidates [7] in preventing ice accretion, they show anti-

icing behaviour only in some cases and the relation between 

SHP and ice-phobicity has to be clearly understood. It is well 

known that to obtain SHP properties, a surface should have a 

hierarchical micro-nano roughness and a low energy surface 

[8]. This structures may be generated following a three-step 

process: 1) by imparting to the sample a roughness on the 

micron scale, 2) by superimposing a nano-metric rough layer 

and finally 3) by coating the surface with low-energy 

chemicals. Unfortunately, most of the techniques used to 

impart micro and nanoroughness are time-consuming and 

need onerous production steps requiring chemicals, 

expensive equipment, high temperature and high energy 

processes. When aiming at industrialization, besides the 

complexity and the cost of the processes, another important 

issue to take care of is the durability of the icephobic 

properties of these materials. In the present work, we 

prepared several SHP aluminium alloy (6082) samples by 

imparting a micro and nano-roughness by means of different 

mechanical and hydrothermal treatments and by coating the 

surfaces with a commercial fluorinated siloxane (FAS). The 

hydrothermal treatment allows the grown of a nanostructured 

aluminum oxide-hydroxide layer, AlO(OH), called pseudo-

boehmite [9]. The hydrophobic properties of aluminium 

coated samples were characterized at room and low 

temperatures and their anti-icing behaviour were measured 

by shear stress tests. Durability investigations were carried 

out repeating the shear stress measures several times on the 

same samples to observe the performance degradation. In 

this study, we highlighted how the micrometric roughness of 

the aluminium alloy surface can influence the hierarchical 

micro-nanostructure and the consequent hydrophobic and 

anti-icing properties, especially in terms of durability. The 

present work suggests a simple and economical way to 

obtain durable icephobic aluminium surfaces, that is easily 

applicable in an industrial-scale process. 

II. EXPERIMENTAL SECTION 

A. Preparation of the samples 

Flat plates (20 x 70 x 2 mm) and bars (12 mm diameter x 

100 mm length) of aluminum alloy (6082) were used as 

substrates. Dynasylan® SIVO CLEAR EC fluoroalkyl silane 

(FAS) coating was purchased from EVONIK. hexane (95%) 

and acetone (>99.5%) were purchased from Sigma Aldrich. 

All the substrates were cleaned with soap and rinsed with 
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ultrapure water and with acetone in an ultrasonic bath (5 

min). The cleaned samples were dried under nitrogen flux. 

With the aim to impart different micro-roughness to the 

surfaces, the samples were then divided into four groups and 

undergone different mechanical treatments. In the first group 

(untreated samples group, UT) no further treatment than the 

cleaning process was done. In the second group (spherical 

sandblasted samples group, GB), the samples were 

sandblasted with micro glass beads in 40-70 µm diameter 

range. In the third group (angular sandblasted group, RC) the 

samples were sandblasted with rough corundum materials. In 

the fourth group (tumble finished sample group, TF) the 

samples were finished in a rotary tumbler.  

In order to generate the pseudo-boehmite nano-structure, 

the samples were then boiled for 5 minutes in ultrapure water, 

dried on air, rinsed with n-hexane and dried under nitrogen 

flux.  

Finally, the samples were dip-coated in the FAS bath 

(dipping–withdrawing speed: 0.7 mm/s, permanence time: 

120 s) and cured at 70°C for 1 hour. For comparison purpose, 

unboiled aluminum alloy specimens were also coated. 

B.  Characterization 

The static water contact angle (CA) measurements were 

carried out with the Kruss DSA 30 Drop Shape Analyzer 

with the method of the sessile drop, using a 2 µl volume of 

water, at 20°C. The measurements were replicated at least 5 

times for each sample. The CA measurements at low 

temperatures were conducted by means of a Peltier chamber, 

decreasing the temperature in the range [20°C; -4°C] and 

depositing the drop on the cooled samples. During the 

analysis, the environmental humidity was measured in-

continuum with a Mitchell Optidew probe which calculates 

the dew point. The CAs were collected at dew point too.  

Dynamic contact angles (CAH) were measured increasing 

and decreasing the volume of a sessile drop. The 

measurements of the dynamic contact angles at -4°C were 

conducted in the Peltier chamber.  

To assess the robustness of the coating under stressful 

environmental conditions, the hydrophobic properties of the 

samples were measured after ten icing-thaw cycles. Icing-

thaw cycles were carried out by cooling the samples at -2°C, 

re-heating at 20 °C, dosing a 2 µl drop of water and 

measuring the WCA values. 

The roll-off angles (RO) have been measured with a 

home-made tilting table equipped with a goniometric scale. 

To measure the roll-off angles at -4°C the tilting table was 

inserted in a climatic chamber. At least 3 measures were 

done for each sample. A volume of 20 µl of water was used 

to carry out the experiments.  

The surface morphologies were examined using a field 

emission scanning electron microscope (FE-SEM) (Tescan) 

and the compositional analysis was conducted with the 

Energy Dispersive X-Ray Spectroscopy (EDX) (Bruker), 

collecting at least 10 measurements for each sample. 

A Taylor Hobson mechanical profilometer was used to 

measure surface roughness, data are averaged over at least 5 

runs for each sample. 

The FT-IR characterizations were conducted with the FT-

IR Alpha 1 (Bruker) spectrometer with ATR apparatus 

(diamond crystal was used as an internal reflection element 

(IRE)). 

Ice adhesion properties were evaluated by shear stress 

analysis performed with a home-made apparatus, equipped 

with an electromechanical testing system INSTRON 4507. 

Aluminum alloy bars were used as test samples; they were 

frozen in an aluminum alloy mould, in 40 ml of deionized 

water at -19 °C for at least 8 hours. After this period, the 

mould was fixed into the machine and the sample was 

extracted from the ice with a speed of 4mm/min (Fig. 1). The 

Force F needed to pull the sample off the mould was 

recorded. The ice adhesion strength (τ) in shear can be 

calculated by: 

τ=F/A 

where A is the surface of the bar in contact with the ice.  

The shear stresses were calculated as the average of 5 tests 

carried out on 5 different specimens for each treatment. For 

comparison purpose, the shear stress of bare aluminum alloy 

bars was measured too. The adhesion reduction factor (ARF), 

defined as the ratio between shear stress of bare aluminum 

alloy and coated sample, was calculated too.   

To assess the durability of the icephobic properties of the 

surfaces, the icephobic performances were estimated by 

repeating the shear-stress tests several times on the same bars, 

and the differences among the resulting ARFs were 

evaluated. At the end of the durability tests, the morphology 

of the surfaces was checked by SEM-EDX analysis. 

 

Fig. 1 Sketch of shear stress measurement apparatus. 

III. RESULTS AND DISCUSSION 

A. Morphological and Chemical evaluation 

The roughness main parameters of the un-boiled samples 

are listed in Table I. Parameters definition and formula are 

those defined in [10].  

TABLE I. ROUGHNESS MAIN PARAMETERS OF THE SAMPLES 

sample Ra (µµµµm) Rp (µµµµm) Rv (µµµµm) 

UT 0.30 1.11 2.02 

GB 1.50 4.55 4.68 

RC 1.68 4.88 6.23 

TF 0.23 0.64 1.87 

 

The sandblasting treatments increase the roughness of the 

surface and change the morphologies of the sample (Fig. 2a, 
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b and c). In GB and RC the surfaces have sharp peaks and 

valleys and in GB they have a similar height. After the 

tumbling treatment (TF sample, Fig. 2c), the peaks are 

completely crushed and the valleys almost maintain the deep 

of the pristine sample; the Ra of TF is as the same as the Ra 

of UT. 

 

Fig. 2 Surface after 

treatment with glass beads. 

 

 

Figure 2b Surface after 

treatment with rough corundum. 

 

Figure 2c Surface after 

treatment in tumbler. 

 

Figure 2d The nano-

structured pseudo boehmite 

grown on TF sample. 

After the hydrothermal treatment (5 min. in boiling 

deionized water) the formation of a homogeneous nano-

structured pseudo-boehmite was evidenced both at SEM and 

FTIR analysis (Fig. 2d and 3 black spectrum, respectively). 

The oxide layer is well visible in the FTIR spectra; the 

signals at about 1000 cm
-1

 are characteristic of Al-O 

stretching and the broad signal at about 1600 cm
-1

 is for the 

presence of interstitial water. After dip-coating of the FAS, 

the FTIR spectrum (Fig.2, green spectrum), evidenced the 

presence of both the FAS and the oxide layer. 

 

Figure 3 FTIR of uncoated sample (black) and coated 

sample (green). 3400 cm
-1

 O-H stretching; 2900 cm
-1

 C-H 

stretching; 1673 cm
-1

 interstitial H2O stretching; 1246-1198 

cm
-1

 C-F stretching; 1094 cm
-1

 Al-O stretching; 962-917 cm
-

1
 stretching Si-O-C. 

B. Hydrophobicity 

The presence of both the pseudo boehmite and the FAS 

coating has a synergic effect on the hydrophobic properties 

of the samples, allowing to reach superhydrophobic CA 

values in all cases. The effect of the mechanical treatments is 

evident from dynamic contact angles and roll-off angles data:  

CAH and RO values of the treated samples GB and RC are 

much lower than that of UT (Table II) and give rise to real 

superhydrophobic surfaces in Cassie-Baxter regime.  

On the contrary, the TF showed a hydrophobic behaviour 

similar to UT sample; the micro-roughness, given by 

tumbling treatment, is not suitable to create a hierarchical 

micro-nano structure and consequently to reach a Cassie 

Baxter regime. 

TABLE II. HYDROPHOBIC PARAMETERS OF THE SAMPLES 

Group CA (°) CAH (°) RO (°) 

UT 164.7±3.0 44.5 18±9 

GB 170.2±2.7 4.2 2±1 

RC 173.2±3.7 1.5 3±1 

TF 166.9±3.6 33.8 15±3 

 

The hydrophobic properties of the samples were tested at 

dew point and at -4°C and some important differences were 

evidenced (in Fig. 4). At the dew point, a strong decrease of 

static contact angle was found for UT, GB and RC. This 

behaviour is mainly due to the humidity condensation from 

the surrounding air on the surface [11]. The surface of TF, 

characterized by a low Rp value, was less sensitive to 

humidity than the other samples and the CA decreased 

slightly at the dew point. A further decrease of CA occurred 

at -4 °C for all the samples, although the TF maintained a 

very high hydrophobicity (CA 151°). The CAH and RO 

values drastically deteriorated for all the samples at -4 °C. 

Therefore, confirming some previous studies [12]-[13], all 

the samples lost the super-hydrophobicity in presence of high 

humidity and low temperature. 

 

Fig. 4 Static contact angles at different temperatures and 

humidity 

C. Icing-.thaw 

The icing-thaw highlighted the importance of a sandblasting 

treatments in order to create robust hydrophobic surfaces. As 

a matter of fact, a different behavior among the samples is 

well evidenced by the WCA measured after each cycle, as 

reported in Fig. 5. GB and RC showed a slight reduction of 

the WCAs only after the first two cycles, further icing–thaws 

did not influence anymore the hydrophobic properties of the 

samples which kept very high WCAs. 
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Fig. 5 Contact Angle values after Icing-thaw cycles of 

different samples  

On the contrary, icing-deicing cycles have a double effect on 

sample UT: i) a continuous strong reduction of WCAs, ii) a 

sharp increase of the inhomogeneity of the coating, 

evidenced by a significantly larger relative standard 

deviation. An irregular trend of CA was evidenced during the 

cycles for TF, in general the hydrophobicity of the sample 

importantly decreases and the inhomogeneity of the surface 

is evidenced by a significant large standard deviation. 

D. Icephobicity 

In order to study the effect of micro-roughness on 

icephobic properties of the surfaces, ice adhesion tests were 

carried out on the Al 6082 alloy bars previously treated, 

boiled and coated with FAS. For comparison purpose, the 

unboiled bars, coated with the FAS, were tested too. The 

results are listed in Table III in terms of Adhesion Reduction 

Factor (ARF). 

TABLE III. ARF OF THE SAMPLES 

Sample unboiled boiled 

 ARF ARF 

UT 1.3 16.0 

GB 1.3 11.9 

RC 2.6 11.9 

TF 1.7 11.3 

 

As it is clearly shown in Table III, the boiled samples, that 

have a superhydrophobic behaviour at room temperature, 

strongly increased the ARF, on the contrary, the unboiled 

ones showed a mediocre icephobicity. Comparing the 

different mechanical treatments, the best result is obtained 

with the samples UT. The samples with an imposed micro-

roughness have almost the same icephobic behaviour. 

E. Durability test  

In order to check the durability of the icephobic properties 

of the samples, shear stress tests were conducted several 

times on the same bars, and remarkable differences between 

the samples were evidenced. As it showed in Table IV, the 

UT sample significantly decreased the ARF after the first test 

and then it kept constant until the fifth test. On the contrary, 

the treated samples GB, RC and TF, highlighted a 

remarkable icephobic behaviour after several repeated shear 

stress tests (TABLE IV)  

TABLE IV. ARF AFTER REPEATED SHEAR STRESS TESTS 

sample ARF 

after 

the 1st 

test 

ARF 

after 

the 2nd 

test 

ARF 

after 

the 5th 

test 

ARF 

after 

the 10th 

test 

ARF 

after 

the 20th 

test 

UT 16.0 2.0 2.4   

GB 11.9 11.3 11.0 8.4 8.4 

RC 11.9 11.3 9.4 u.i u.i. 

TF 11.3 11.7 10.4 u.i. u.i. 

u.i.: under investigation 

 

The SEM images of UT and GB bars were collected after 

the repeated shear stress tests. The initial micro-

nanostructure is clearly maintained in GB while it is almost 

disappeared on UT. EDX analysis evidences a loss of FAS 

for UT (wt. % of Fluorine: 0.6) with respect to the pristine 

samples (average values of Fluorine wt. %: 2.0), while SB 

keeps this concentration unaltered (wt. % of Fluorine: 2.2). 

These data are congruent with the repeated shear stress tests 

and explain the loss of the icephobic properties of UT sample.  

This remarkable results evidenced that the micro-

roughness has a fundamental role in maintaining icephobic 

properties of the surface probably reducing the ice abrasion 

of the functional layer  
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IV. CONCLUSION 

In this study, we presented an economic, safe and quick 

process to give super-hydrophobic and anti-icing properties 

to aluminum alloy. Both the two sandblasting processes gave 

rise to robust superhydrophobic surfaces that kept high CA 

values after several icing-thaw. A significant lowering of ice 

adhesion was achieved for all the boiled sample 

independently from the micro-roughness treatments, but 

remarkable durability of icephobic properties was evidenced 

for samples in which the micro-roughness was imparted. The 

micrometric roughness obtained by the sandblasting plays a 

fundamental role in increasing the durability of the ice-

phobic behaviour which is maintained even after twenty 

shear stress cycles.  
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