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Abstract: Overhead power line conductors and ground wires are affected by ice and snow accretion
which can easily adhere to their surface, causing the breakage of cables and the collapse of pylons
due to excessive weight. In Italy, the main concern is about wet snow: this phenomenon occurs close
to zero degrees Celsius with snow density reaching up to 350 Kg/m3. Anti-icing and anti-snow
coatings represent a possible strategy to mitigate ice accretion on overhead power line structures.
Many works are oriented to achieve anti-icing properties, starting from superhydrophobic coatings
or slippery coatings; however, there is a lack of knowledge about the anti-snow behaviour of these
surfaces. In this work, aluminium alloy conductor and ground-wire samples were prepared with
different coatings, which include hydrophobic, superhydrophobic and slippery surfaces prepared
in the laboratory. Characterisations of sample wettability at room and low temperatures and ice
adhesion strength were carried out in the laboratory. Anti-snow behaviour was studied in outdoor
test facilities in the Italian Alps during several snowfall events. Furthermore, the environmental
parameters were also recorded. Two figures of merit were developed to quantify anti-snow behaviour
of the samples: one describing the fraction of surfaces covered by snow during the snowfall event
and the other representing the maximum accretion load reached on the samples. Results of laboratory
and field testing are compared and discussed. Field testing evidenced a promising snowphobic
behaviour for all the samples, despite the different anti-icing and wettability properties measured
in the laboratory. The mitigation of the phenomenon was found to occur mainly with two different
mechanisms: the delay in snow accretion on the surface and/or the early shedding of the snow-sleeve.

Keywords: anti-snow coating; anti-icing coating; superhydrophobic; slippery; overhead power line
conductors; ground wires; field testing

1. Introduction

Overhead power lines are subjected to icing phenomena: ice and snow can gather on
conductors and ground wires, hugely increasing the weight of the structures and causing
the breakage of the conductors or, even worse, the collapse of the pylons [1].

Icing can happen in a wide range of climatic conditions: temperature, wind speed and
air humidity are just some of the parameters that play a role in snow and ice accretion. Thus,
ice accretions can widely differ from each other in weight, density and adhesion properties.
For instance, in cold regions (e.g., Canada, China, Norway), the main problem concerns
the formation of cylindrical ice masses accreted from in-cloud icing and rime [2] and is
characterised by high density and hardness. On the contrary, in climatic zones with a more
temperate climate, such as Japan, France, Spain, Italy and Slovenia, wet snow, in in the form
of heavy coatings that wrap conductors and ground wires, is the most dangerous problem.
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Wet snow is a peculiar kind of snowfall that happens in a range of temperatures from
—1°Cto 2 °C, with a liquid water content (LWC) ranging from 15% to 35%. Due to the high
LWC, this type of snow reaches an excessive weight and can easily adhere to the metallic
surface of conductors or ground wires, creating a snow sleeve [3]. In the last few decades,
wet snow accretions caused various blackouts and serious damage in northern Europe [4],
and in 2015, this phenomenon hit several Italian regions, in particular the Emilia Romagna
and Lombardy. At the end of that period, in February 2015, the Regulatory Authority for
Energy Networks and the Environment (ARERA) conducted a fact-finding investigation
(Deliberation 96/2015/E/eel) about the electricity supply interruptions caused by wet
snowfalls in the most affected areas. The investigation highlighted a shortage in supplied
energy to end-users for 990 MWh. This value, related only to the first 2 months of the year,
represents approximately one-fifth of the average gross energy not being delivered due to
outages in the 5-year period 2010-2014, which is just below 5600 MWh/year (Deliberation
644/2015/E/eel Annex A). It has been calculated that in a single day, 33 million euros were
spent in compensations for the lack of energy supply for more than 8 h, the threshold set
by ARERA, in addition to the costs of restoring structural damage and service charges [5].

In view of the significant damage caused by this phenomenon, it is urgent to study
systems and technologies capable of mitigating the formation of ice sleeves as much
as possible. The development of coatings with anti-icing and anti-snow properties is a
promising strategy to address this problem [6]. Different coatings are studied to reach anti-
icing performance and, among this wide range, superhydrophobic and slippery coatings
receive the main attention [7].

The former are extensively studied thanks to the strong water repulsion and their
ability of decreasing ice nucleation temperature or increasing ice nucleation time, lead-
ing to lower ice adhesion strength [8,9]. The latter, in particular SLIPS (Slippery Liquid
Infused Porous Surfaces), show low contact angle hysteresis and low sliding angles and
evidence impressive liquid repellency properties: these peculiarities are mainly due to the
presence of a lubricant liquid infused in the substrate. They can act as icephobic surfaces
and are considered promising materials for their remarkable stability in high humidity
environments [10] and their capacity in lowering the ice adhesion strength.

Even if the literature is rich in studies on anti-icing surfaces [11-13], only a few works
deal with the behaviour of anti-icing coatings in presence of snow [14]. In particular, the
anti-snow coatings have not yet been thoroughly investigated and procedures to clearly
assess snowphobicity are not established yet.

In this work, we present three different types of coatings: superhydrophobic, hy-
drophobic and slippery. The coatings were deeply characterised in the laboratory in terms
of wettability both at room and low temperatures and with ice detachment tests. Coated
samples of conductors and ground wires were exposed to real snowfall events in two
testing sites in the Italian Alps: their behaviour under snowfall is presented here. This
work shows that both indoor and outdoor characterizations are important to improve the
understanding of snowphobicity of surfaces with different properties and structures. The
mitigation of the phenomenon was found to happen mainly with two different mechanisms:
the delay in snow accretion delay and/or snow-sleeve early shedding. The mechanisms
arise from different coating structures and depend on meteorological conditions.

2. Materials and Methods
2.1. Materials

Flat plates (20 x 70 x 2 mm?), bars (12 mm diameter x 100 mm length), conductor
pieces (31.5 mm diameter x 0.75 m length) and ground wires (20 mm diameter x 80 m
length) of aluminium alloy (6082) were used.

Dynasylan® SIVO CLEAR EC (FAS) coating was purchased from EVONIK (Essen,
Germany); the composition is: fluoroalkylsilane (FAS) 2%, propan-2-ol 93% and dodecane
5%. Hexane (95%) and acetone (>99.5%) were purchased from Sigma Aldrich (St. Louis,
MO, USA).
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Dynasylan® 9896 was purchased from EVONIK and consists in an oligomeric short-chain
alkylfunctional silane. Here, the coating was diluted in ethanol (1:1 in volume) before use.

Ethanol (99.5%), hexane (95%), acetone (>99.5%) and acetic acid (>99.7%) Pluronic
P-123, PDMS 750 cSt, PDMS 65 cSt, MTEOS (99%) were purchased from Sigma Aldrich (St.
Louis, MO, USA).

Ultrapure water was used for synthesis and characterisations.

2.2. Samples Preparation

First, the aluminium alloy specimens were cleaned as follows: (1) bathing with
basic soap; (2) rinsing in ultrasonic bath for 10 min with acetone; and (3) drying under
nitrogen flux.

Starting from flat plates, several samples were prepared by applying different me-
chanical and chemical processes. The prepared samples were divided into three groups:
superhydrophobic (SH), hydrophobic (HP) and slippery (SL) and named SH-1, HP, SL-1
and SL-2, respectively. The corresponding bars, conductor pieces and ground wires were
also prepared, following the same steps.

2.2.1. Superhydrophobic Sample SH-1

In SH-1, a sandblasting process with micro glass beads in 40-70 um diameter range,
followed by a hydrothermal treatment in water at 100 °C for 30 min was performed to
obtain a hierarchical micro-nano structure. Then, the surface was dip-coated with the FAS
and cured at 70 °C for 1 h.

2.2.2. Hydrophobic Sample HP

The HP was easily prepared by dip-coating of the aluminium alloy samples in FAS
and thermal treatment at 70 °C for 1 h.

2.2.3. Slippery Samples SL-1 and SL-2

For the preparation of SL-1, the aluminium alloy was immersed in boiling water for
30 min at 100 °C. Diluted Dynasilan® 9896 (1:1 in volume, solvent ethanol) was stirred for
1 h. The aluminium samples were dip-coated in the solution and cured at 120 °C for 1 h.

For the preparation of SL-2, a multistep process was completed. The different ratios
among the reagents were tested with several reactions. Here, we report the best one in
terms of wettability and icephobic behaviour. First, 0.15 g of Pluronic P-123 and 0.1 g of
NaOH were added to 5 mL of water and stirred until the complete dissolution of Pluronic
123. The obtained solution (SOL_A) was aged for 1 h at 4 °C. PDMS 750 cSt, PDMS 65 cSt
and MTEOS (0.9 g; 2.5 g and 8.4 g, respectively) were mixed (MIX_A). The SOL_A was then
added to MIX_A and the resulting mixture was magnetically stirred for 30 min. Further,
the aluminium alloy sample was dip-coated into the mixture and cured at 120 °C for 2 h.

2.3. Indoor Characterisation

Surface morphologies of all the samples and the thickness of the oxide layers were
examined using a field emission scanning electron microscope (FE-SEM; Mira III, Tescan,
Brno, Czech Republic).

A Taylor Hobson mechanical profilometer was used to measure surface roughness,
data are averaged over at least 5 runs for each sample.

The analysis of the nanostructure was carried out with the atomic force microscope
(AFM, DriveAFM, Nanosurf, Liestal, Switzerland) with clean-drive tapping mode analysis.

The FT-IR characterizations were conducted with the FI-IR Alpha 1 (Bruker, Billerica,
MA, USA country) spectrometer with ATR apparatus (diamond crystal was used as the
internal reflection element).

The static water contact angles (WCA) were measured with the DSA 30 Drop Shape
Analyzer (Kruss, Hamburg, Germany) with the method of the sessile drop using 4 uL of
water at 23 °C &= 2 °C on at least 5 spots for each sample. The measurements of dynamic
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contact angles (advancing and receding contact angles), roll-off angles (RA) and sliding
angles (SA) were performed with the tilting table method [15] using 20 pL of water at
23°C+2°C.

WCA, dynamic contact angles and RA/SA measurements at low temperatures were
conducted with two different instrumental settings. In setting 1 the sample was placed on a
Peltier plate in a climatic chamber (Kruss, Hamburg, Germany), cooled at —4 °C and then
the drop was deposited on the cooled sample. In setting 2, suggested by [16,17], the sample
was inserted into the climatic chamber together with a beaker filled with water. The sample
was placed on a sample holder above the Peltier cell. The drop was deposited on the sample
at room temperature and after 15 min the temperature was decreased at a rate of 0.3 °C/min
until —4 °C. For WCA measurement 4 uL. and 10 pL water drops were used with setting 1
and 2, respectively, on at least 5 spots for each sample. The measurements dynamic contact
angles at —4 °C were performed increasing and decreasing the volume of a sessile drop and
to measure RA and SA at —4 °C, the Peltier chamber was attached to a homemade tilting
table, and 20 puL water drops were used on at least 3 spots for each sample.

Ice adhesion strength was evaluated using the shear force needed to extract a sample
bar from an ice block. We adopted a homemade apparatus equipped with an electromechan-
ical testing system (INSTRON 4507) and aluminium alloy bars were used as test samples.
The measures were carried out at —19 °C. The testing process and the apparatus are de-
scribed in the Supplementary Materials section. The shear stresses were calculated as an
average of 5 tests carried out on 5 different specimens for each treatment. For comparison
purpose, the shear stress of bare aluminium alloy bars was measured too.

2.4. Snowphobic Evaluation

The coated conductor specimens were installed on the RSE automated monitoring
station named WILD (Wet Snow Ice Laboratory Detection) [18] and monitored during the
winter season. Qualitative tests were carried out by verifying the ability of conductors
treated with icephobic coatings to delay the formation or to quicken the detachment of
snow sleeves, with respect to the uncoated specimen, in the same snow conditions.

2.4.1. Description of the Outdoor Test Facility

The WILD station, located in the Western Alps, has been operating since 2013. The
main objective is to monitor the effect of wet snow over conductors, ground wires and
insulator specimens. The WILD facility consists of a meteorological station able to record
several parameters like the minimum and maximum temperature, wind speed, cumulated
precipitation and the maximum precipitation rate. A top view picture of the station and
the specific instrumentation for monitoring the meteorological variables are detailed in the
Supplementary Materials.

WILD mainly consists of two stations, dedicated to the installation and the monitoring
of specimens of conductors and ground wires, ranging in a length from 0.75 to 15 mt
Figure 1. Both the stations are equipped with mechanical rotation supports to transmit a
slow rotation, as suggested by the ISO 12494:2017 standard. The slow rotation (1 rotation
every 30 min) simulates the natural rotation of real conductors or ground wires, which is
essential to the formation of the snow-sleeve, as explained by several snow-sleeve accretion
models [19-22].

Each testing station is equipped with a dedicated webcam for monitoring the snow
sleeve formation and detachment, through the acquisition of images every 15’. As reported
in Figure 1, in WILD, it is possible to host and monitor up to 6 long conductors of approxi-
mate length of 15 m and up to 10 ACSR (Aluminium Conductor Steel Reinforced) 75 cm
conductor specimens. One of the reference conductor samples is also equipped with a
load cell measuring the weight of the accreted snow sleeve. It is also possible to host and
monitor up to 4 insulator chains.
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Figure 1. WILD station and the equipment. 1,2,3: webcam motobix; 4: insulator testing station;
5: 15 mt span conductor testing station; 6: 1.5 mt pieces conductor testing station; 7: anemometer;
8: rain gauge; 9: Vaisala multisensor.

2.4.2. Evaluation Method of Field Performances

The coated samples were mounted on the housing system described above, along with
an uncoated sample, used as a reference, and the images acquired at each time stamp were
analysed to estimate their snow coverage index (cov). Cov is a number between 0 and 1
which accounts if the wire is totally free of snow (0 value), or completely covered (1) or any
intermediate value.

To give a representation of the behaviour of each sample during the snow event, two
figures of merit were defined [23]: the Relative Coverage index (RCov) and the Mitigation
Load Index (MLI). RCov can be calculated from the coverage data, as the sum of the cov
values in each time stamp and normalizing the total with respect to the reference sample,
as follow:

Recov = 1n COVn / ¥ covRefy 1)

RCov compares the coated samples and the reference. Values lower than 1 are therefore
attributed to samples that perform better with less snow coverage and values greater than
1 to samples with worse behaviour than the reference.

The MLI indicates the maximum weight reached by a coated conductor during the
snow event, in respect to the reference. This can be estimated as a function of the precip-
itation rate and depending on the coverage index. First, we estimated the relative load
(ERL) for each conductor, adding the load already present on the sample at time n-1 or
subtracting the amount that sheds as follows:

ERL, = cov, X PRy + ERL,,_1 (if covy > covy_1) 2)

ERL, = covy X PRy + ERL,_1/cov,_1 X covy (if covy < covy_q) 3)

where:
covy is the coverage index at the moment n
PR, is the precipitation rate at the moment n
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MLI can be obtained from the ERL values, considering the maximum value reached
by each sample with respect to the reference.

MLI = max ERLgample /max ERLeference 4)

The smaller the MLI the better the snowphobic behaviour of the coating. Simplifying,
RCov and MLI aim to evaluate and quantify the ability of a coating to delay the formation
of the snow-sleeve and to facilitate the shedding of the snow.

3. Results and Discussion
3.1. Morphological and Chemical Evaluation

The SH-1 morphology is reported in Figure 2. The surface evidences a micro-roughness
due to the sandblasting treatment (Figure 2a). The calculated Ra is 0.94 pym. After the
hydrothermal treatment, a pseudo-boehmite layer grew on the surface, leading to the typical
grass-like nanostructure [24], the SEM image is reported in the Supplementary Materials.
According to the equation presented in [25] and reported in the Supplementary Materials,
a thickness of about 500 nm was estimated for the oxide layer. The nano-roughness of
the pseudo-boehmite was about 28.6 nm (S,) and the AFM image of the nanostructures is
reported in Figure 2b.

SPO T S
SEM HV: 20.0 kV SEM MAG: 1.00 kx
View field: 289 ym Det: SE

s 888883 ¢8

(b)

Figure 2. (a) SEM image of the micro-roughed surface (SE, 1 kx), (b) AFM image of the nanostructure
(1 pm x 1 um) tapping mode, 3D rendering.

The FAS coating is deposited on the surface of the specimen in a very thin layer of about
1.5 nm [26], and its presence on the surface is confirmed by FTIR spectra (Supplementary
Materials).

The HP sample evidences a native roughness of 0.3 um (Ra) due to the pristine
substrate (Figure 3).

L |
“ith 2 "
SEM HV: 10.0 kV SEM MAG: 1.00 kx
View field: 289 ym Det: SE 50 ym
Date(m/dly): 06/26/17

Figure 3. SEM image of the HP surface (SE, 1 kx). The native roughness is well visible.
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Two different slippery surfaces were prepared: SL-1 and SL-2. In SL-1, the aluminium
surface is functionalised with a 1 um thick layer of oligomeric short alkyl chains whereas
SL-2 is a polymeric material formed by interaction among siloxane precursor and PDMS
chains and intercalated with the Pluronic.

As described in our previous work [27], in SL-1, the coating fills up the voids in the
nanostructured layer and the surface is almost totally covered by the coating. On this
surface, the pseudo-boehmite has a double function: (i) enhancing the adhesion between
the substrate and the coating, thanks to the formation of AI-O-5i bonds; and (ii) increasing
the porosity of the surface allowing to host a bigger amount of coating respect to an
untreated surface.

The SL-2 sample was synthetised by a sol-gel reaction between MTEOS and hydroxy-
terminated PDMS in a basic catalyst, followed by the addition of Pluronic. As reported in
the literature [28], the basic catalyst leads to the hydrolysis of the Et-O-Si bonds of MTEOS
and further, the polycondensation of the hydrolysed silane happens. The polycondensed
silane reacts with the terminated HO-Si group of the PDMS, giving rise to a complex
multibranched polymeric structure, where silica nanoparticles are branched with PDMS
chains, as represented in Figure 4.

i
H,C s SN RN SN J
| I
S HC_~© Hy
& NaOH - n
H)C\g;\/‘ \ e OH H)C\ > i I ~c
I\:‘ S NN - ST TN \\ﬂ
H,C O Son N / / J/ — cH
\/ » \l 5—"° H,C CH, ) '
N i A Of—Si—(
CH, v l Vs
H,0 8 . lH’
Hydrolysis Polycondensation l
CH.
Lo L2 \
O e N
= - 3 \
- Pluronic CH, ¢
«

@ Silicananoparticles
== Branched PDMS5
Pluronic

Multibranched Condensation of PDMS-OH

silica structure

Figure 4. Reaction between MTEOS, PDMS-OH and Pluronic.

Pluronic polyols represent a class of block copolymers, consisting of poly(oxyethylene) and
poly(oxypropylene) units, with the general formula poly(oxyethylene)x-poly(oxypropylene)y-
poly(oxyethylene),. Pluronic sits among the PDMS chain. Pluronic has a peculiar gel-sol phase
transition due to presence of more hydrophobic moieties in its structure that interact with
water molecules creating a solution only at low temperatures, when kinetic energy of water
molecules is low [29]. Under a certain temperature, Pluronic becomes a solution, unlike most
materials which behave reversely. This effect has been exploited to obtain a material which
forms a water quasi liquid layer at low temperature only [30].

The FTIR of the polymer is reported in Figure 5. The signals at 781, 1007 and 1082 cm ™!
are attributed to Si-O-Si and Si-O-C. The signals at 1258 cm ! and 864 cm ! are typical
for Si-C stretching, at 2963 cm ™! are the signals of C-H stretching of methyl groups. From
2904 to 2871 cm~! the signals can be attributed to the unreacted O-CH,~CH, groups
and stretching vibration of C-H methylene group. The broad peak at about 3400 cm ! is
related to the to the O-H stretching vibration in water molecules interacting via hydrogen
bonds [31,32].
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Figure 5. FTIR spectra of SL-2.

3.2. Wettability at Room Temperature

In order to study the wettability of the samples, we measured the WCAs, the hysteresis
values (H), calculated as the difference between advanced and receding angles, and the
RAs and SAs of the surfaces. From the WCA values, it is possible to define if a surface is
hydrophobic or hydrophilic (>90° and <90°, respectively). H and RA/SA angles represent
two crucial parameters to understand how easy a water droplet deposed on the surface can
be removed. The WCA, the H and the RA /SA results are collected in Table 1.

Table 1. Wettability at 23 °C & 2 °C and standard deviation.

Sample WCA (°) H(°) RA/SA (°)
SH-1 1714+ 1.0 26 +£0.38 1.7+£12
HP 1112+ 15 68.2 £2.8 >90
SL-1 86.7 £1.5 20£01 20£02
SL-2 89.8 £5.3 187+ 1.4 6.7 £ 0.5

SH-1 evidences a high WCA (>150°) and very low water adhesion (H and RA/SA < 10°).
These results are typical of superhydrophobic materials where a micro-nano hierarchical surface
is coated with a hydrophobic coating, as explained by the Cassie-Baxter model [33].

The role of the hierarchical structure is crucial to achieve superhydrophobicity and the
corresponding sample without this underlying structure (HP) shows lower WCA. Indeed,
the wettability of the sample can be described by Wenzel model [34], as the hydrophobicity
of this sample is only due to the low surface energy of FAS coating. While the surface
exhibits hydrophobic behaviour (WCA > 90°), it also demonstrates high water adhesion.

The behaviour of SL-1 and SL-2 is very similar: at room temperature, the WCAs of
both materials indicate a state between hydrophilic and hydrophobic conditions. Despite
this, they show low water adhesion with low H and SA values. Although the SL-1 is not
definable SLIPS [27], the H and SA are very low and completely comparable with SLIPS
surfaces [35]. The behaviour of SL-2 can be mainly attributed to the presence of Pluronic
which is a liquid part that sits among the silicon polymeric chain.

3.3. Wettability at Low Temperature

The behaviour of coatings at low temperature may vary from room temperature and
can be more significant when seeking icephobicity [36,37]. As wettability is sensitive to the
set-up used for measurement, both settings described in chapter 2.3 were used. In Table 2,
the WCA, H and RA/SA at —4 °C are reported.
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Table 2. Wettability at low temperature (—4 °C) and standard deviation.
Setting 1 Setting 2
Sample

WCA (°) H () RA/SA (°) WCA (°) H () RA/SA (°)
SH-1 1468 +£1.7 139£27 >90 1592 +21 226=£6.1 15.6 £5.9
HP 106.7+15 664+114 >90 1104 +12 604 £72 >90
SL-1 81.5+0.9 8.6 £0.8 16.0+20 90.8+05 85+12 16.2 +2.6
SL-2 820+16 309+14 143£05 873+£21 286+23 125£11

In setting 1, water was deposited on the cooled sample directly laid on the Peltier plate.
By placing the sample in thermal contact with the cooling plate, the surface of the sample
is prone to air humidity condensation. This causes a strong degradation of hydrophobic
properties for HP and SH-1. In particular for SH-1, the condensation layer reduces the
volume of the air pockets incorporated in the hierarchical surface, which are linked to the
rise of superhydrophobic properties, as discussed in several works [16,36,38].

In setting 2, both the sample and the water drop were thermally insulated from the
cooling plate, reaching the final temperature only by exchanging heat with the surrounding
air. The system was also cooled at a slow rate (0.3 °C/min) which allowed the water in the
beaker to stabilise humidity in the chamber. Due to this, condensation on the sample is
avoided. The wettability of the samples, measured with setting 2, evidenced values very
close to those collected at room temperature. In particular, the hydrophobic behaviour of
SH-1 is preserved and resulting in WCA of about 160° and good dynamic properties. This
experiment proved that the worse wettability behaviour of SH-1 and HP measured with
setting 1 is mainly due to the formation of humidity condensation.

Noteworthily, SLs keep a low sliding angle at low temperatures regardless of the
measurement setting. This behaviour indicates that the SLs coatings better tolerate the
different cold conditions and humidity condensation phenomena, similarly to SLIPS coat-
ings [35], demonstrating robustness towards both applied conditions. Probably, this is due
to the absence of impurities and surface defects which are very likely to be present on
smaller surface area in respect to the rough superhydrophobic surface when exposed to
condensed humidity. Moreover, in SL-2 the presence of the Pluronic lead to the formation
of a quasi-liquid layer which helps to maintain a low sliding angle [30,39].

3.4. Ice Adhesion Tests

The icephobic properties of the samples were tested by measuring ice adhesion. Adhe-
sion reduction factor (ARF), the ratio between average shear stress (T) of bare aluminum
alloy and average shear stress of coated sample, was also calculated.

ARF = Tpgye /?sample @)

The higher the ARF values, the higher the icephobic properties of the tested samples.
Results are reported in Table 3.

Table 3. Shear stress values and ARF of the tested samples. The shear stress of bare aluminium alloy
is 1009 £ 230 kPa.

Sample Shear Stress (kPa) ARF
SH-1 92 £18 11.0
HP 804 £ 76 1.3
SL-1 43 +£14 23.5
SL-2 71 £ 36 14.2

The superhydrophobic sample reduces ice adhesion by 11 times compared to the bare
sample. This result highlights a great icephobic behaviour to several superhydrophobic
and hydrophobic examples in literature measured with similar techniques [40-43]. The
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hierarchical micro-nano structure is crucial to achieve icephobicity. Indeed, the HP shows
only a small reduction in the ice adhesion with an ARF of 1.3 and the slight reduction
in ice adhesion is due to the FAS coating. Ice adhesion data of SH-1 and HP confirm the
relationship between wettability and icephobicity reported in several studies [41,44,45].

The slippery materials evidence the best icephobic behaviour, even better than the
SH-1. The properties of SL-1 and SL-2 may be mainly due to the low H and SA even at low
temperature [45,46].

3.5. Snowphobic Evaluation

ACSR conductor pieces 0.75 m long were prepared as described in 2.2 and exposed at
the WILD station during the winter 2020-2021. An untreated conductor was also exposed
and used as reference material for comparison purpose. The Figure 6 shows the conductor
specimens and a typical experimental setup.

@) )

Figure 6. (a) Pieces of conductor 0.75 m long; (b) typical experimental set-up in WILD station.

During the testing period, nine snowfall events were recorded at the WILD station
from December to April. The main meteorological and physical variables of snowfall events
are reported in Table 4 (see Supplementary Material for further data).

It is possible to classify the snowfall events as dry snow (d), wet snow (w) and dry—wet
snow (dw). In dry snow, the snowflake has a low liquid content and a high volume of
air. This typically happens at temperatures below—1 °C. Wet snow typically occurred at
temperatures around 0 °C and snowflakes have a high content of water inside. Dry-wet
snow is a mixing phenomenon and a transition from dry to wet snow or vice versa may
happen due to changes in the meteorological conditions.

Even if temperature is an important parameter, very often is not enough to correctly
classify the type of snowfall. Other important parameters to take in account are the Hgpow
and WE. The Hgnow is the height of the snow fallen on the ground and the WE represents
the water equivalent of the snowfall. A low Hgnow /WE ratio corresponds to wet snow,
whereas a high ratio is very often related to dry snow. It is important to note that the WE
parameter also gives information about the intensity of the snowfall.

Table 4. Main meteorological parameters of the snowfall events (Tave: average temperature; WE:
water equivalent; Hgnow: height of snow deposition on the ground).

Number of Event 1 2 3 4 5 6 7 8 9
Tave [°C] -13 —0.3 —3.7 —0.6 —0.5 0.1 0.8 0.8 —0.4
WE [mm] 45.8 12.2 12 26.8 22.8 20 17.4 9.8 8

Hgnow [mm] 420 190 170 270 240 165 41 25 110
Dry/wet d dw d dw dw dw w w d

All the snowfall events led to the formation of the snow-sleeves on the rotating
conductors. A lack of snow sleeve formation is likely due to a rotary engine failure which
does not provide the proper rotation movement necessary for the growth.

In Figure 7, a typical snow sleeve on the reference conductor is reported.
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Figure 7. Snow-sleeve on the reference conductor after a snow-fall event.

The anti-snow behaviour of the coated samples was always appreciable, and it mani-
fested with two mechanisms: the delay in the formation of the snow-sleeve and the early
detachment with respect to the reference. Example of these behaviours is reported in the
Figure 8a,b, respectively.

@ (b)

Figure 8. (a) Snow-sleeve in formation on the testing samples. A piece of conductor that delay the

snow accretion is highlighted in yellow during a snowfall; (b) snow-sleeve after a snowfall event.
The early shedding of the snow from the conductors is highlighted in a yellow circle.

The estimation method for MLI was assessed by comparing the calculated load profile
ERL to the data from the load cell for the reference sample during a snow event (Figure 9).
The ERL well represents the trend for both the loading and the detachment of the snow
sleeve. In the second part of the event (from 1000 min until the end), the density of the
snow increased, causing the difference between the real and the calculated snow-weight.

As the snow density is the same for all the exposed samples, the calculated ERL is
considered to give a reasonable qualitative figure of the accreted sleeves on the samples.

In Tables 5 and 6, we collect the RCov and the MLI of the tested samples, compared to
the reference (Ref).
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Figure 9. ERL and load cell data of the reference sample versus time during a snow event.

Table 5. Rcov index for the tested samples during the snowfall events. n.a data are not available.

Event 1 2 3 4 5 6 7 8 9 RCov
Type d dw d dw dw dw w w d Average
Ref 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
SH-1 0.52 0.85 0.18 0.62 0.28 0.90 0.75 0.90 0.99 0.67
HP 0.55 0.85 0.46 1.01 0.28 1.08 0.34 0.53 0.71 0.65
SL-1 0.38 0.99 0.59 0.98 0.61 1.12 0.34 0.38 0.81 0.69
SL-2 0.47 0.69 0.53 0.85 0.44 1.02 n.a. na. 0.73 0.68
Table 6. MLI index for the tested samples during the snowfall events. n.a data are not available.
Event 1 2 3 4 5 6 7 8 9 MLI
Type d dw d dw dw dw w w d Average
Ref 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
SH-1 0.48 0.84 0.25 0.63 0.68 1.01 0.53 0.93 0.48 0.65
HP 0.38 0.51 0.90 0.45 0.64 1.01 0.70 0.85 0.49 0.66
SL-1 0.31 0.51 0.90 0.45 0.61 1.01 0.70 0.62 0.58 0.63
SL-2 0.54 0.56 0.83 0.44 0.64 1.01 n.a. na. 0.47 0.64

Overall, the coated samples showed a reduction in snow accretion compared to the
uncoated reference, as indicated by both the RCov and MLI indexes. Interestingly, the
samples exhibited snowphobic properties even during heavy snowfalls (events 1, 4, and 5),
regardless of snow intensity. However, the samples did demonstrate some variations in
performance depending on the type of snowfall (dry, wet, or dry-wet).

In dry conditions, SH-1 demonstrated excellent performance, with a minimum RCov
of 0.18 and a corresponding MLI of 0.25. This suggests that the coating was able to maintain
a snow-free surface for a longer duration compared to the uncoated reference. Notably,
even in event 9 where the RCov was high (close to 1), the MLI was 0.48, indicating that the
coating facilitated snow detachment. Although SH-1 shows excellent performance in dry
conditions, its snowphobic properties diminish in wet conditions (events 7 and 8) and in
some dry—wet events where the temperature was just below zero (event 2 and 6). Despite
this, it still mitigates the formation of the snow sleeve compared to the reference, except for
event 6.

Both the slippery samples show good anti-snow properties under dry snow: both the
RCov and MLI indexes are below the reference by at least 10%. SL-1 assessed its anti-snow
behaviour also under wet-snow events with a very low RCov and MLI (events 7 and 8).
Unfortunately, the data during the wet-snow events are not available for SL-2 due to the
failure of the rotation motor. However, the performances recorded during the dry-wet



Coatings 2023, 13, 616

13 0f 18

snowfall events were good and the results obtained with the coating with similar wettability
properties (SL-1) are suggest that the proposed treatment is a promising one even in wet-
snow conditions, although further tests will need to be conducted. The HP sample evidences
no clear similarity in its snowphobic behaviour with SH-1 or with the slippery coating,
performing in a fluctuating way under dry, wet and dry-wet events.

3.6. Relationship among Wettability, Icephobicity and Snowphobicity

A comparison among the wettability, the icephobicity and the snowphobicity of the
tested sample was performed. A clear correlation among these properties is not possible;
however, some considerations can be drawn.

First, icephobicity is not a necessary condition to achieve the snowphobicity; indeed,
the sample HP evidenced poor anti-ice properties but good anti-snow behaviour.

Moreover, the study suggests that the static contact angle is not a reliable predictor
of the anti-snow behaviour. Despite the tested samples exhibiting a range of WCAs from
86.7° (for SL-1) to 171.4° (for SH), covering the entire hydrophobicity spectrum, there was
no observed correlation between WCA and MLI/RCov. This indicates that all samples
showed a similar average snowphobicity, regardless of their WCA. However, it is important
to note that under wet-snow conditions, SL-1 and HP performed better than SH-1 in terms
of RCov. This behaviour may be attributed to the varying mobility of water observed
at low temperatures. As explained in Section 3.3, SL-1 displayed favourable behaviour
at low temperatures regardless of humidity, whereas condensation phenomena on the
surface of SH-1 greatly impacted the mobility of water droplets, resulting in the loss of their
dynamic properties as demonstrated by the wettability measurements conducted using
setting 1. During a snowfall event, the thermal relationships between air/conductor/snow
are complex and far from equilibrium; thus, condensation traces are likely to be found on
the conductors’ surface. Given that the snowflake has a high liquid water content (typically
around 15%-35%) during a wet-snow event, the snow slides on the conductor and easily
detaches from the surface for SL-1; conversely, the liquid water in the snowflake sticks to
SH-1. With respect to HP, this effect is also magnified by the high surface area of SH-1 due
to the micro-nano roughness.

Under dry conditions, the calculated RCovs are completely comparable among SH-1,
HP, SL-1 and SL-2, and the best MLI is obtained for SH-1. This indicates that the different
coatings have the same average snow coverage but that the shedding of the snow is
facilitated on the SH-1 with respect to the other. RCov and MLI data, grouped by type of
snow event, are presented in Figure 10.

09
RCov MLI

BESH-1

Rcov, MLI
o
n

SL-1

SL-2

WET DRY WET DRY

Figure 10. RCov and MLI for the samples under wet-snow and dry-snow conditions (average data).
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3.7. Snowphobic Test on Real Size Samples

Due to their good anti-snow behaviour observed in the WILD station, SH-1 and SL-1
were chosen for scaling up and testing in a section of a real overhead powerline (OHL)
located in the Italian Alps at 1500 m above sea level. Ground wires that were 80 m long
were prepared with SH-1 and SL-1 and installed on pylons 60 m high. The monitoring
facilities and instruments mounted on the site are thoroughly described in [47]. In Table 7,
the meteorological conditions of the snowfall events are reported.

Table 7. Meteorological conditions of the snowfall events.

SNOW EVENTS A B C D
TEMP MIN (°C) -15 ~18 0.0 0.0
TEMP MAX (°C) 13 1.1 15 0.1
TEMP AVE (°C) 0.1 -0.1 0.2 0.1

WE (mm) 40 15 20 70

PREC RATE MAX (mm/h) 34 2.4 74 7.8

Both events A and B, as well as C and D, occurred on 2 consecutive days. Event A
started at —6 °C and then the temperature increased, settling at about 0 °C. Then, the
precipitation stopped and the temperature increased. In event B, the precipitation started at
about 0 °C and finished at —1.8 °C. At the beginning of event C, the recorded temperature
was 1.5 °C and the conditions were rainy. Then, the temperature decreased, and settled at
0 °C throughout the event D.

In Table 8, we report the RCov and MLI indexes and in Figures 11 and 12 the estimated
load calculated during the events is shown.

Table 8. RCov and MLI for SH-1 and SL-1.

SAMPLE EVENT A EVENT B EVENT C EVENT D
RCov MLI RCov MLI RCov MLI RCov MLI
Ref 1 1 1 1 1 1 1 1
SH-1 0.44 0.23 0.65 0.49 0.54 0.59 0.08 0.09
SL-1 0.85 0.72 0.82 0.62 0.88 0.95 0.34 0.32

All the tested samples performed better than the reference and SH-1 is better than
SL-1. In these experiments, SH-1 demonstrated promising anti-snow behaviour even with
a temperature slightly above zero and under abundant snow fluxes.

ERL data suggest that the coating prevents the deposition of snow on the surface.
Therefore, compared to the reference, the sample remained free from snow for a long time,
and consequently, the snow-sleeve formed was thinner. During events C and D, reported
in Figure 12, remarkable anti-snow behaviour was demonstrated for sample SH-1. Snow
accretion was delayed for long time with respect to the reference; for event C, the delay
was estimated being more than 1 h, for event D, it was about 2.5 h.

Figure 11 depicts that SH-1 experienced recurring shedding phases, characterised
by frequent detachment of sleeve fragments from the wire, followed by loading phases.
In contrast, SL-1 allowed for the detachment of snow at a “critical” weight, rather than
having frequent shedding phases like SH-1. The observation from 1700 to 2050 seem to
demonstrate a slightly better performance for the reference sample; however, this behaviour
can be attributed to a casual event as, for instance, a gust of wind or a vibration due to
random factors, are more likely to occur in natural environment.

The performance of both coatings is better in a real-scale overhead line (OHL) with
an 80 m long guard wire compared to the WILD station with samples only 0.75 m long.
This could be due to the higher mobility of the 80 m long sample, as well as the wind
and vibrations from the surrounding environment, which are more effective in causing
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shedding. Therefore, the efficacy of the coatings is more clearly visible in real-scale spans
for all samples.
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Figure 11. Calculated ERL during event A and event B.
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Figure 12. Calculated ERL during the events C and D.

4. Conclusions

Several samples with different coatings for anti-snow protection were prepared and tested
in laboratory and exposed to real snow events in two sites in the Italian Alps. The coatings
were characterised by different wettability and icephobicity: superhydrophobic, hydrophobic
and slight hydrophilic with very good and low anti-icing behaviour were studied.

In order to obtain a quantitative dimension of sample performance during precipitations,
two figures of merit were developed: one was related to the snow coverage of the sample
surface and the second was related to the maximum load of the accreted sleeve with respect
to the reference samples. The method of calculation of the accreted load was based on the
coverage and the precipitation rate and the calculated load was compared with data obtained
from a load cell mounted on a reference sample. A good agreement was found.

Comparison of indoor characterisation and field data demonstrates that the behaviour
of the surfaces in real conditions is not clearly predictable from laboratory characterisation
results. Even if a clear correlation has yet to be found, some interesting results were
achieved. First, all the samples showed an anti-snow effect, even if not all of them have anti-
ice properties. Thus, icephobicity is a sufficient but not necessary property to obtain anti-
snow materials. Second, wettability at room temperature seems to be not very incisive for

anti-snow properties; indeed, all the tested samples from superhydrophobic to hydrophilic
ones are snowphobic.
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However, samples with different SA /RA ratios at low temperatures exhibit different
behaviour under wet snow. Specifically, SL-1 shows better performance under wet snow
compared to SH-1, which performs better under dry snow. The superior behaviour of
SL-1 is demonstrated by the RCov measurement: at the beginning of the wet-snow event
on the SL-1 sample, the snow coverage was delayed. This could be attributed to the low
SA angle, which is maintained even at temperatures as low as 0 °C, thereby facilitating
the sliding of wet snow. In contrast, SH-1 exhibits poor dynamic properties below 0 °C,
as the wet snow is likely to become trapped on its micro-nano rough surface. Further
analysis of laboratory and field-testing data can be performed searching for correlation
with meteorological conditions as, for instance, temperatures, wind and snow density.

Although a complete understanding of snow adhesion phenomena has not yet been
achieved, the studied samples demonstrated good anti-snow properties even in real-scale
spans, indicating that they hold promise for addressing the problem of snow accretion.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings13030616/s1, Figure S1: Schematic representation of the shear
stress home-made apparatus and a picture of the tensile machine used, Figure S2: WILD outdoor
test facility top view, Figure S3: Monitoring devices in WILD station, Figure S4: Morphology of the
nanostructured pseudo-boehmite, Equation (1): equation to calculate the thickness of the pseudo-
boehmite as a function of boiling time, Figure S5: FTIR-ATR spectra of bare aluminium alloy, boiled
aluminium alloy and SH-1, Figure S6: FTIR-ATR spectra of HP; Figure S7: Images of static contact
angles and tilting angles (RA or SA) for SH, HP, SL-1 and SL-2, Table S1: Meteorological and physical
data recorded in WILD station during the snowfall events.
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