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TERMS AND DEFINITIONS
Atmospheric icing: Any process of ice build-up and snow accretion on the surface of an object exposed to the
atmosphere (ISO 12494). It can be further classified as:
a) Precipitation icing (including freezing rain and wet snow)
b) In-cloud icing (also called rime/glaze, including fog)
c) Hoar frost.
Active coatings for conductors: De-icing techniques which require electrical energy to activate heating effects
of the coating material, but much less so than for thermal methods. For example, some of these methods may
use heat losses from dielectric materials covering a conductor or be based on the use of ferromagnetic coatings
to heat the conductor surface.
Active coatings for insulators: De-icing techniques which require electrical energy to activate heating effects
of the coating material, but much less so than thermal methods. For example, the use of semiconducting glaze or
conductive silicone rubber coatings on insulator surfaces which are used to reduce ice adhesion and weight of
accumulated ice.
Anti-icing techniques: Techniques used to prevent or reduce ice and snow from accumulating on phase
conductors, ground wires or insulators by weakening ice adhesion strength or by preventing the freezing of
supercooled water droplets on impact.
Bending strength: The ability of a structural member to resist breakage when subjected to bending moment.
Brittleness: Character of a material mechanical behaviour involving no visible deformations prior to fracture.
Coating: A complete or partial covering that is applied onto the surface of an object via various chemical or
physical methods for decorative and/or functional purposes.
Compressive strength: The capacity of a material to withstand normal compressive stresses. When the limit of
compressive strength is reached, the materials are crushed or yield.
Contact angle: The value of the angle a drop of makes with the surface.
Creep: The inelastic, continuing deformation of a solid material beyond the instantaneous deformation, when a
load is applied and sustained.
De-icing techniques: Techniques used to remove or reduce ice accretion on phase conductors and ground wires.
Contrarily to anti-icing techniques, they are activated late during or sometimes after the ice storm. They
comprise passive methods, active coating methods, mechanical methods, and thermal methods.
Dielectric material: A material that acts as an electrical insulator that may be polarized by the action of an
applied electric field.
Dielectric permittivity: A measure of how an electric field affects, and is affected by, a dielectric medium.
Dry snow: A type of precipitation icing that accretes at sub-freezing temperatures. This type of accretion has
low density and low adhesion, and appears rarely, when wind speed is very low, i.e. below 2 m/s.
Ductility: Character of a material mechanical behaviour involving substantial inelastic deformation and visible
deformations at stresses well below that of fracture.
Freezing rain: A type of precipitation icing that falls in liquid form but freezes on impact to form a coating of
glaze ice upon the ground and on exposed objects.
Glaze ice: A type of precipitation icing resulting in transparent ice accretion of density 700 kg/m3 to 900
kg/m3, sometimes with the presence of icicles underneath the conductors. It very strongly adheres to objects,
and is difficult to knock off.
Ground wire: A conductor having grounding connections at intervals and that is suspended usually above but
not necessarily over the line conductor to provide a degree of protection against lightning discharges.
Hydrophobic surface: A low surface tension which tends to repel water and not absorb it.
Hydrophilic surface: A high surface tension which has an affinity to water and tends to form a film.
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Icephobic coatings: Coatings used to reduce or prevent ice adhesion and accretion on a substrate.
Icephobic surface: A surface on which ice adhesion is low.
Interphase spacers: Composite or ceramic rod insulators of suitable length to keep conductors separated
during icing events or ice unloading, thus reducing the potential for galloping and clashing.
Joule effect: A physical phenomenon by which heat is generated by the electrical current flowing through a
conductor.
Liquid-like layer (Quasi-liquid layer): This is a water film which is generally present at the surface of ice as
well as at the ice-solid interface.
Liquid water content (LWC): The mass of water per unit volume of air, typically expressed in g/m3.
Mechanical de-icing methods: Methods involving ice breaking in order to accelerate ice shedding. Generally,
most of the mechanical methods are based on two strategies. One strategy consists in breaking the ice by
scraping methods and the second by shock waves methods.
Natural ice or snow shedding: The process of reduction of the accumulated ice and snow on ground wires and
phase conductors as it occurs naturally, without human intervention.
Passive de-icing methods: De-icing techniques which do not require any external energy input other than from
natural forces: wind, gravity, incident radiation and temperature variations.
Phase conductor: Any conductor other than the ground wire.
Precipitation icing: A type of atmospheric icing which is caused by rain droplets or snowflakes that freeze or
stick to the icing body.
Radial ice thickness: The average thickness of ice around the circumference of the collecting object.
Rime icing (in-cloud icing): A porous, opaque ice deposit which is formed by the impaction and freezing of
supercooled water droplets on a substrate. The density of rime can vary from 150 to 700 kg/m3.
Scraping methods: A mechanical de-icing technique consisting in removing accreted ice by using scrapers,
rollers or cutters attached to a rope which is pulled by linemen.
Shock wave methods: A mechanical de-icing technique consisting in creating a shock wave which is
propagated along the conductor to induce ice shedding.
Sublimation: The release of vapour molecules to the ambient air from the ice surface.
Supercooled water droplets: Water droplets whose temperature is below 0°C but which are still in the liquid
state.
Superhydrophobic surface: A surface whose contact angle is greater than 150° with low contact angle
hysteresis. Such a surface has a repelling effect on water droplets.
Ultimate Tensile strength: Maximum stress that a material can withstand before breaking during a tensile test.
It is customarily measured in units of force per cross-sectional area.
Thermal de-icing methods: These are de-icing techniques based on Joule effect by which line conductors are
heated by the passage of electrical current, AC or DC, in order to melt the ice deposits and hence cause ice
shedding.
Wet snow: A type of precipitation icing which is observed when the air temperature is just above freezing
point, usually between 0.5°C and 2°C. The density of wet snow varies in a wide range, but is normally
significantly higher than that of snow on the ground.
Wettability: Ability of a surface to be wetted by a liquid e.g. water.
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ABBREVIATIONS, SYMBOLS AND UNITS
A
ACSR
AI
AC
ANSI
ARF
ASTM
°C
CA
CAH
CEPRI
CVD
DC
DI
DMA
DSC
DTA
EPRI
g/m3
HTV
Hz
HV
IEC
kHz
km
kW
LLL
LTE
mA
m/s
nm
NSDD
OHL
Ω
µL
PTFE
RSA
RF
RMB
RTV
SA
SDD
SHC
TB
TEOS
TGA
TMA
TMOS
θa
θ0
θr
’
θ
USC
UV

Ampere (electric current)
Aluminum Conductor Steel Reinforced
Anti-Icing technique
Alternating Current
American National Standards Institute
Adhesion Reduction Factor
American Society for Testing and Materials
Degree centigrade
Contact Angle
Contact Angle Hysteresis
China Electric Power Research Institute
Chemical Vapour Deposition
Direct Current
De-Icing technique
Dynamic Mechanical Analysis
Differential Scanning Calorimetry
Differential Thermal Analysis
Electric Power Research Institute
grams per cubic meter
High Temperature Vulcanized
Hertz (frequency)
High Voltage
International Electrotechnical Commission
kilo Hertz (1000 Hertz)
kilometre
kilo Watt (1000 Watt)
Liquid-Like Layer
Local Thermodynamic Equilibrium
milliampere (10-3 Ampere)
meter per second
nanometer (10-9 meter)
Non-Soluble Deposit Density
Overhead Line
ohm (electric resistance)
micro Liter (10-6 Liter)
Polytetrafluoroethylene (trademark Teflon)
Republic of South Africa
Radio Frequency
Ren Ming Bi, Chinese currency
Room Temperature Vulcanized
Sliding Angle
Soluble Deposit Density
Superhydrophobic Coating
Technical Brochure
Tetraethoxysilane
Thermogravimetric Analysis
Thermomechanical Analysis
Tetramethoxysilane
Advancing contact angle
Apparent contact angle
Receding contact angle
Contact angle of the rough surface
Contact angle of the smooth surface
Unified Specific Creeping Distance
Ultraviolet
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W
WC
WCA
XPS

Watt (electric power)
Wettability Class
Water Contact Angle
X-Ray Photoelectron Spectroscopy XPS
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Chapter 1: INTRODUCTION
1.1 Background

New advances in material science have resulted in the development of a family of advanced coatings which
can be engineered to provide surfaces with specific desirable properties. These coatings have already found
application in the aerospace industry to keep surfaces free of ice and in architecture to provide self-cleaning
properties for windows. Advanced coatings can provide surfaces with other properties like resistance to
scratches, corrosion and chemicals as well as superhydrophobicity.
These coatings can potentially benefit the electric power industry where the self-cleaning and
superhydrophobic properties are particularly attractive for application on insulators in contaminated
environments and ice repelling qualities of coatings (i.e. icephobicity) may reduce the risk of flashovers.
Icephobic coatings are also of interest for application to conductors and supporting structures to reduce
mechanical load due to ice accretion in winter periods. The application of superhydrophobic coatings to
conductors may also have the potential to reduce audible noise, radio interference and corona loss on high
voltage transmission lines but this has not yet been confirmed. These benefits not only have the potential to
increase the reliability of transmission assets, but it may also enable a reduction in the capital cost of new
construction.
Before applying this new breed of coatings, utilities need to be confident in their performance and life
expectancy. Critical factors are that these coatings, when aged, may not result in a reduction in performance
below that of uncoated surfaces and that they may not require a high level of maintenance in the long run. It is
therefore vital to identify suitable test methods, which can be included in a functional specification, to qualify
advanced coatings as part of the procurement process. Furthermore it is also important to consider all aspects
of applying and maintaining the coating to ensure that its benefits outweigh the total life cycle costs and that
the performance of the power system is not in any way placed at risk.
1.2 Opportunities

The application of superhydrophobic and icephobic coatings could offer a number of opportunities to improve
performance of the electrical power system. Briefly they can be mentioned as:






Insulator icing
Conductor icing
Structure Icing
Insulator contamination
Conductor corona.
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1.2.1 Insulator Icing

In cold climate regions the performance of insulators in ice and snow conditions is of concern. Service
experience indicates that the likelihood of an electrical outage due to flashover is the greatest if ice or snow
accretion is followed by a period of thaw. The main service cases are:




Clean insulator covered with conductive ice or snow
Pre-contaminated insulator covered with clean ice or snow
Combination of the above conditions

Flashovers due to icing is of particular concern for lines and substations close to roads with a high traffic
density, which are regularly salted (or where other types of anti-icing fluids are used) to ensure that they are
ice-free. In these cases insulators may be exposed directly to a salt spray, resulting in a fast build-up of
contamination [1]. This is also the case for insulators installed in proximity of cooling towers. Ice flashovers may
also occur in areas with a relatively low contamination level but with accretion high enough to bridge the sheds,
thereby reducing dramatically the insulator leakage distance [1, 2].
The severity of the ice accretion is measured in terms of its thickness, or weight of the ice present, and the
conductivity of the melt water [1, 3]. The additional weight of ice accretion on insulators is not a major concern
from a mechanical load perspective, contrary to the case of ice accretion on conductors and structures where
additional loading is a major concern – see paragraph 1.2.2.
Important insulator properties that influence its performance under ice and snow are [3, 4]:
Insulator dimensions:





There is a strong correlation between the insulator axial length and its performance under ice
and snow. Relatively long insulators perform better.
An increase in the leakage distance of the insulator is not always an effective counter measure.
Increasing the leakage distance as a remedial measure becomes less effective in cases where
the icing condition is so severe that icicles, or snow accretion, bridge out the inter-shed spacing –
thereby essentially bypassing a part of the leakage distance.
Insulators with a large diameter tend to perform worse than insulators with a smaller diameter.

Insulator shape:


The size of the shed and especially the inter-shed spacing are important parameters that
determine how much ice accretion on the insulator can be tolerated before the gaps between
the sheds are bridged out.

Surface properties:





Anti-icing properties decrease ice adhesion and accretion on insulators. This could improve their
flashover performance under icing conditions. This property is also referred to as icephobicity.
A semiconducting layer that conducts a low level of leakage current of around 1 mA heating
the insulator surface to just above ambient temperature could prevent frost formation. It also
grades the voltage distribution along the insulator hence promoting the formation of a more
uniform ice accretion. The electrical stress grading also delays arcing activities across ice-free
zones, or dry bands in the case of contamination. On porcelain insulators the use of a
semiconducting, or resistive glaze is well established [1].
Room Temperature Vulcanised silicone rubber (RTV) insulator coatings, developed for improving
contamination flashover performance, have also been applied as a countermeasure against ice
and snow. However the effectiveness of these coatings reduces as the temperature decreases
and therefore their use to prevent insulator icing flashover is questionable [3].

Advanced coatings with icephobic properties are attractive to improve the flashover performance of insulators
under icing conditions.
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1.2.2 Conductor icing

Accretion and shedding of ice and snow on overhead lines and substation components, especially in
combination with the effects of wind, can pose a real threat to its mechanical integrity. In ice prone areas
typical accretion loads on conductors may range from 3 to 25 kg/m and even higher under extreme conditions
[5]. The increased diameter of conductors and structures resulting from ice accretion also increases the wind
force on the conductor or structure. Furthermore, ice accretion on conductors changes the shape of the
conductor, which can result in conductor lifting during windy conditions leading sometimes to galloping.
Galloping subjects the conductors, insulators and supporting structures to heavy dynamic mechanical loads
which may damage structures. High amplitude conductor movement may also result in flashover if minimum
clearances are breached. High dynamic loads may also be applied to conductors and insulators during ice
shedding when large chunks of ice fall from the conductors [5, 6].
The strength of the ice adhesion to the substrate is a key parameter that determines how much ice accumulates
on conductors and structures. It also determines how easy it is to remove such ice deposits.
To date, coatings have rarely been considered as a way to reduce the ice loading on conductors and support
structures. Manual labour or de-icing devices have usually been used to de-ice lines [7]. However, in the same
way as for insulators, advanced coatings with good icephobicity are attractive to prevent or reduce the ice
loading of lines and substations.
1.2.3 Insulator Contamination

The presence of a conducting or partially conducting contamination layer on an insulator surface can result in a
significant reduction of its power frequency flashover strength. Such conductive layer is formed when
conductive ions on the insulator surface are dissolved in water or emigrated inside the ice or snow layer.
Although insulation performance under contamination is not within the scope of this brochure, it will be
considered as far as relevant with regard to freezing conditions. Details on insulator contamination can be
found elsewhere [8, 9, 10-12].
Important insulator properties that influence contamination performance, including under winter conditions, are:
Insulator dimensions:
 The performance of the insulator can be improved by making it longer or by increasing the
leakage path length. It should be noted however, as indicated in Section 1.2.1, increasing
leakage path length alone may be ineffective for dealing with flashover performance of
insulators under moderate and heavy icing conditions.
 Insulators with a large diameter tend to perform worse than insulators with a smaller diameter.
Insulator shape:


The shape of the insulator shed profile influences the amount of contaminants it collects. In
general it is found that insulators with open (or so-called aerodynamic) profiles accumulate less
contaminants than insulators with more convoluted shapes [8, 9].

Surface properties:
 Rough surfaces collect more contamination than smooth ones as contamination particles lodged
in the small recesses on rough surfaces makes natural cleaning less efficient.
 A hydrophobic insulator surface impedes the formation of a continuous water film, which in turn
hinders the development of a contamination flashover.
 Composite insulators are thus an accepted and widely used remedy to improve the
contamination performance of insulators.
 RTV silicone rubber coatings of ceramic insulators are also nowadays an accepted and widely
used remedy to improve the contamination performance of insulators.
 Semiconducting glaze coatings provide improvement in the performance of ice and
contamination flashovers.
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While advanced coatings have not yet been widely used, they do have attractive properties which could
improve the contamination performance of insulators. In this regard coatings that offer superhydrophobicity or
self-cleaning properties are particularly attractive. Another type of coating under development is a
semiconducting type which works in a similar way to semiconducting glaze on porcelain insulators.
1.2.4 Conductor corona

One part of the electrical design of transmission lines is to control the electric field around conductors and
hardware within acceptable limits so as to reduce, or even avoid, corona discharges. Corona discharges have
a number of undesirable consequences such as audible noise, electromagnetic interference, power loss and the
generation of ozone and nitrous oxides. Lines are generally designed to have little to no corona under fair
weather conditions. However, it is not always economical to dimension the conductors or conductor bundles to
be free of corona under all weather conditions. As a consequence there may be some level of corona activity
during foul weather when there are water drops, frost or icicles on the conductor surface.
Hydrophobicity is an important property of conductors that determines their corona performance. Under wet
conditions, water on a hydrophobic surface forms into distinct droplets that stick to the surface. Under high
electric fields these water droplets deform into conical shapes which enhance the electric field sufficiently to
initiate corona discharges as shown in figure 1-1.

Figure 1-1 Corona on water droplets hanging from a HV-conductor[courtesy of EPRI].

It is expected that applying a coating with superhydrophobic properties and high water drop mobility results in
less water drops on the conductor surface and thus in fewer sources of corona and a lower level of annoyance
but this still need further investigation.
Icephobic coatings also hold promise for utilities that are interested in reducing winter power losses on
transmission lines. Hoarfrost, or wet snow, could give rise to significant power losses, with values of up to
22kW/km having been measured [13]. A conductor coating that would inhibit frost formation or would shed
wet snow could result in significantly lower winter corona losses.
1.3 Purpose of this report

The main purpose of this Technical Brochure (TB) is to review the state of-the-art activities related to techniques
to protect power network equipment including insulators, ground wires and conductors under icing conditions, by
means of superhydrophophobic or icephobic coatings. Coating applications for other equipment (e.g. wind
turbines and support structures) will be also discussed briefly. In some cases, such coatings can provide other
properties such as camouflage or protection against corrosion. The TB also aims to provide recommendations
for testing methods.
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Chapter 2: OUTLINE OF POWER NETWORK ICING AND PREVENTIVE
METHODS
In order to understand the use of coatings for protecting power network equipment in winter conditions, it is
important to have a good knowledge of ice adhesion and accretion, as well as, existing anti-icing and de-icing
techniques (AI/DI). We can also learn from major icing events. The process of ice accretion on power network
equipment was previously described in CIGRE TB 291[14] and de-icing technique in CIGRE TB 438 [7]. An
overview of mechanisms of ice adhesion and a description of major icing events is provided in this chapter.
2.1 Mechanisms of ice adhesion

There is a consensus in the scientific literature that adhesion of ice on a solid substrate is governed by a
combination of the following forces and factors: electrostatic forces, hydrogen bonding, Van der Waals forces,
mechanical interlocking, and liquid-like layer (LLL) [5, 7, 15].
Electrostatic forces:
Electrostatic forces in the ice-substrate interface, which are attributed to the Bjerrum defects, are
related to the hydrogen bonds in the ice crystalline structure. Normally, each hydrogen bond has one
proton, but a hydrogen bond with Bjerrum defect has either two protons (D defect) or no protons (L
defect). Occurrence of these protonic defects on the surface leads to an electrical charge build-up and
thus to a surface electrical field [5, 7] which produces a similar electrical charge on the substrate.
Hydrogen bonding:
A hydrogen bond is the interaction between a hydrogen atom and an electronegative atom, such as
oxygen, fluorine or nitrogen. In ice adhesion, hydrogen atoms in the ice tend to form a bridge between
ice and the surface, thus contributing to ice adhesion strength. Usually, a considerable amount of oxide
compounds or absorbed water is present on surfaces, and hydrogen bonds are formed between
oxygen atoms in the interface [16].
Van der Waals forces:
Van der Waals forces are intermolecular forces originating from different electrical charges in
different parts of different molecules. Although these forces are universally present between any two
molecules in the universe, their magnitude decreases drastically with distance and so, they are only
meaningful in close interactions. It has been shown that Van der Waals forces are not dominant in ice
adhesion, and compared to hydrogen bonds, they can be easily neglected [7, 15].
Mechanical interlocking:
In practise, surfaces are never smooth. In the case of functionalized surfaces, roughness is even higher.
Upon wetting and before solidification, water may penetrate into the 3-dimensional structures on the
surface. The expansion coefficient of water is higher than that of other metals and oxides, so that water
expands when it solidifies. This expansion can lead to strong interlocking between ice and the substrate
[5, 7].
Liquid-like layer (LLL):
It is well known that a liquid-like layer exists on the surface of any given solid below its melting point.
The thickness of this layer depends on temperature, substrate and gas phase nature, and varies from a
few nm to hundreds of nm. As temperature increases, thickness increases rapidly. From an application
point of view, LLL plays a significant role in ice adhesion mechanism and strength. The LLL has a
behaviour similar to that of a wetting substance between the two surfaces, increasing the contact area
at the interface and affecting ice adhesion strength [5, 7].
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2.2 Major icing events and their impacts

Atmospheric icing events can occur in many parts of the world including North America, Europe, Asia and South
Africa. Such events are recurrent in some countries (USA, Canada, Iceland, etc.) occasionally causing serious
socioeconomic impacts, while they are less frequent in other countries (Sweden, Spain, South Africa, etc.) but can
nonetheless cause major damage to overhead power lines. In this chapter, some examples of important icing
events in many parts of the world are presented, showing the importance of finding solutions in the interests of
safe operation and reliability of networks against icing. Related parameters such as the amount of ice, density,
conductivity and liquid water content, are also underlined.
2.2.1 Recall of 1998 icing event in North America

In January 1998, a major ice storm caused catastrophic losses of power over eastern Canada and the north
eastern United States. It was an unprecedented event in Quebec history. In fact, from January 4th to 10th,
freezing rain fell for 80 hours and left as much as 110 mm of ice in the Montreal region and the St-Lawrence
valley. This was more than twice the precipitation of the second largest storm which hit Montreal in 1961.
Figure 2-1 shows a map of freezing rain accumulations over the entire affected region.

Figure 2-1 Freezing rain accumulation (Source : Environment Canada).

The precipitations fell mainly as freezing rain and ice pellets but also as rain and snow (figure 2-2).
At the peak of the storm, 1.4 million people were without of power. Emergency centers had to be
opened to accommodate people. The storm left the power grid with unprecedented damage:
3 000 km of power lines, 4000 power transformers and 1000 steel towers were destroyed or
damaged. Table 2-1 lists the damage recorded for the transmission system. The Canadian Armed
Forces and people from Canadian and American electric utilities came to help with restoration of the
power grid [16-18].
Table 2-2 shows the number of people deployed during the refurbishing of the distribution system.
The power outage lasted for up to 4 weeks in some regions. According to Statistics Canada, the
damage caused by this event was evaluated at 6.4 billion dollars for the affected Quebec regions.

Page 16

Coatings for Protecting Overhead Power Network Equipment in Winter Conditions

Figure 2-2 The distribution of total accumulation of (a) rain (mm), (b) freezing rain (mm) and (c)
ice pellets and snow (cm) for the January 4–10.
Table 2-1 Damage recorded for the transmission system

Voltage level/kV

Total lines

Broken and/or collapsed towers

735

10

149

315

12

58

230

13

306

120

67

1091 (steel and wooden poles)

49

14

1500 (wooden poles)

Total

116

3104

Table 2-2 Staff affected at the refurbishing of the distribution system by region

Hydro-Quebec line workers
Private line workers
Canadian & American line workers
Private pruners
Canadian & American pruners

Montreal
170
30
25
65
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Laurentides
225
100
50
125
125

Richelieu
640
190
545
85
5
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2.2.2 Recall of icing events in Europe

The following sections cover some icing events in Sweden, the UK, Spain, Norway, Iceland, and Slovenia.
2.2.2.1 Recall of icing event in Sweden

On February 10-12, 1999, the Swedish 130-400 kV network was affected by several interruptions (of up to 6
hours) in the southwest part of Sweden. Ice accretion on insulators near the coast caused flashovers, which led to
a number of 130-400 kV lines being out of operation all at the same time [19]. This type of event is very rare
in Sweden. An example of ice accretion on a 130 kV insulator (on the 9th of February) is shown on figure 2-3.
This insulator did not flash over.
The probable cause of the interruptions was a very favourable weather condition for ice accretion, with
extensive west winds and low temperatures although on the day of failure there was clear sunshine. More
precisely, during February 1-5, 92 % of the wind direction was from the sea and the wind speed was 1-17
m/s (during that time the average temperature was 2.6 °C). Salt monitoring at the 400 kV substation in the
southwest of Sweden showed high level of salts, requiring automatic washing of substation insulators. On
February 6 the temperature went down to about -1 °C and on February 7 the intensive snowfall came (14 cm
of snow recorded at the ground). Insulators were covered by snow and the snowfall stopped during February
8 with the average temperature of -3 °C. During the following days the temperature went down further, in
average to -12.1 °C during February 9-10 (with fog and cloudy weather), and to -10.6 °C on average during
February 11 (clear weather). Thus, the probable cause of the event was that when the snow melted from the
sunshine, the water layer on the ice captured the salt from it and, as a result, the conductivity of the water
became very high. Finally a flashover occurred. This explanation was confirmed by conductivity measurements
of melted icicles, which reached 680 S/cm. The removal of ice for inspection is shown in figure 2-4 taken on
February 12 on a 400 kV line. In the period of one hour (between 11:00 and 12:00, which indicated possible
melting due to the sun), four 400 kV lines fell out of operation. After ground and helicopter inspections, ten sky
lifts crews were sent in the field and most of the ice-accreted insulators were cleaned. No interruption occurred
during the whole event.
The most frequent types of insulators used in the Swedish grid are cap-and-pin porcelain or glass types. These
two insulator types have long life times. One type of insulator which is only moderately used in Sweden is the
composite insulator. It is intended for contaminated environments. The incidents of February 1999 did not
require any serious counter-measures.

Figure 2-3 Example of ice accretion on a130 kV insulator (February 9).
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Figure 2-4 Removal of ice for inspection at a 400 kV line (February 12).

2.2.2.2 Recall of 1990 event in UK

Severe icing events that cause major disruption in the UK occur about every 16-18 years (1947, 1963, 1981,
1990, and 2010). The wet snow event of December 8, 1990, caused severe disruption at all voltage levels
from low voltage up to the 400 kV lines of the National Grid. The North Yorkshire, Cleveland and
Nottinghamshire areas suffered from wet snow accretion for a period of 30 hours from Friday, December 7,
1990, to Saturday night, December 8, 1990, as the storm moved from North to South. Over 1 million customers
were cut off, some being without power for up to 9 days. Snowfall affected Scotland and North Wales on
December 7 and intensified as a weather front became virtually stationary on a line approximately NNE-SSW
through Nottingham and Birmingham. As the temperature hovered just above 0°C, a rainfall equivalent of 30
mm of precipitation came down as wet snow in 14 hours with winds of around 15-25 m/s. Lines running EastWest were subject to the greatest snow thicknesses with radial ice thicknesses of up to 200 mm on single small
conductors which could rotate. Twin Lynx conductors, which could not rotate, accreted ice horizontally, leading
to many galloping incidents and line failures. Detailed reports of network damage have been provided by East
Midlands Electricity, Northern Electric, Yorkshire Electricity and Midlands Electricity. A report was also produced
by the UK Met Office. It should be noted that these are the names of the utilities involved at the time of the
event.
A low pressure area and accompanying cold front moved SE across the country on December 7-8 and then the
front became occluded and slow moving. The strongest winds occurred in the Tyne and Cleveland areas,
whereas the worst snowfall was observed in the East Midlands. Measurements of ice load indicated levels of up
to 3 tonnes on a single MV conductor span. Figure 2-5 shows the weather map at 16:00 on December 7. Snow
had already been recorded at the EA Technology snow accretion test site in the South of Scotland. By 19:00,
on figure 2-6, snow was already falling in NE England as the local temperature dropped from 3° to 1 °C. By
21:00, 24 mm of (rain equivalent) wet snow had fallen in the Northern Electric area in the previous 12 hours
and a further 17 mm (rain equivalent) was to fall over the next 7 hours. The snow reached Nottingham by
23:00, on figure 2-7, and the local temperature dropped from 1 °C to around 0 °C. Winds gusted to 28 m/s.
By 9:00 on December 8, 19 mm (rain equivalent) of snow had fallen in the Nottingham area with lying snow
1.3 m deep. The worst area for precipitation was in Yorkshire with 61mm rain equivalent. By 11:00, the snow
was widespread from Anglesey in North Wales to the Wash on the English East coast and from Shetland in the
North to the Isle of Wight off the English South coast. By 17:00, the snow had turned light and temperatures
ranged from 0° to 2°C.
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Figure 2-5 The weather situation at 16:00 on December 7, 1990.

Figure 2-6 The weather situation at 19:00 on December 7, 1990.
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Figure 2-7 The weather situation at 23:00 on December 7, 1990.

About 40% of the customers in the East Midlands area (800,000 out of 2.1 million customers) lost power and
ice shedding caused further problems with over-stressed poles breaking. 8 000 incidents were recorded. The
UK National Grid had 800 incidents on their 275 and 400 kV lines, resulting in power loss to 25 of East
Midland’s 132 kV substations. The main transmission line problems were clashing, conductor burning due to
contact caused by excessive sags and major galloping on 132, 275- and 400 kV lines. A total of 724 wood
poles were broken and the 132 kV line suffered 30 times its normal annual fault level. Conductor failures
occurred on Dingo and Wolf ACSR conductors up to 150 mm².
In the Northern Electric area, the weather load standard for overhead lines is 30 m/s with 15 mm radial ice.
The winds gusted to 30 m/s and radial ice thickness was 25 mm. Although much less than the Midlands area,
there were over 1000 conductor breakages and 354 broken poles.
Radial ice thicknesses of up to 62 mm were measured in the Yorkshire Electricity area with 41 failures on
33/66kV lines and earthwire breakages on the 132 kV tower lines. Similar problems were reported in the
Midlands area with one noticeable feature – on the 132 kV system, failures of twin Lynx conductor were 10
times more than the single conductor failure rate (after taking circuit length into consideration). Most wood pole
conductor failures (93%) were at mid-span due to clashing of overloaded lines.
The causes of this widespread event was the excessive ice build-up on (mostly) smaller conductors and the faults
caused by icing across twin conductors (leading to galloping and clashing). The excessive sags meant that
phases could come into contact with each other, leading to arcing and subsequent conductor failure. Reduction
of accretion levels would not only reduce sag (and so less clashing) but also reduce structure loads.
2.2.2.3 Recall of the 2010 event in Catalonia

On the day of August 3, 2010, the meteorological situation described in the diagram at the left of figure 2-8
produced a heavy snow fall mainly in the coast area known as Costa Brava, as shown in figure 2-9 (right). All
this area has a height above sea level ranging from 0 to 500 m.
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Figure 2-8 Meteorological situation 03/08/2010. The blue arrow shows the entrance direction of
cold air from central Europe over the Mediterranean; the overall result is shown in the right
picture.

Wet and sticky snow

Figure 2-9 The HV lines affected: the yellow ones (66, 45 & 25 kV) collapsed under snow weight;
the 220-kV ones were slightly affected, except that the ground wires were damaged because it
was cold; for the 110- and 132-kV lines, 33 towers collapsed.

The main features of the snow fall in the most affected areas were:



Wet snow precipitation between -1 ºC and 2 ºC, therefore it was sticky
Snow fell for over one hour at a rate of 1 mm/min (consisting of huge snowflakes)

This kind of tropical snow storm is typical in Catalonia every 4 or 5 years.
As according to Spanish standards snow or ice is not expected at locations below 500 m, power line towers at
these low altitudes were not designed to support extra loads resulting from the accumulation of wet snow
falling so quickly over the conductors. This resulted in a significant number of tower failures (figure 2-10).
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Figure 2-10 Examples of collapsed 110-kV towers.

The first day after the event, 200 000 customers were left without electricity. Even three days later there were
20 000 customers in the same situation. Electrical companies had to supply electricity by means of autonomous
diesel generators otherwise the number of customers disconnected would have not declined.
It took about 6 weeks to repair the damage done by the storm (figure 2-11).

Figure 2-11 An example of repair work on a 110-kV tower.

The standards have not since changed regarding the maximum amount of ice to be considered in overhead
lines placed below 500 m above sea level, even though the utility which suffered this catastrophic damage
decided to design all their new overhead lines accordingly. So, even if the lines are below 500 m above sea
level they consider a minimum of ice load thickness of:
Weight of ice or snow= 0.18√d daN per linear meter (daN= deca Newton)
Where, d is the diameter of the conductor in millimetres.
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2.2.2.4 Recall of icing conditions in Norway

Probably the world’s largest ice load on an electric power line was observed in Norway in 1961. Figure 2-12
shows an example of the accretion that measured 1.4 m x 0.95 m and weighed 305 kg/m. This is probably the
clearest example on how topography and exposure influence the icing conditions on a power line. This line was
supplying a radio and TV transmitter 1 412 m above sea level. It appeared to be impossible to maintain this
line no matter how short the spans would be, how strong the (wood) poles and the steel conductors were. It was
built on the top of a mountain ridge more or less parallel to the coast, and therefore with maximum exposure to
the humid south-westerly winds from the Atlantic Ocean. It was only after a new line was built on the leeward
side of the mountains that the power supply to this radio and TV transmitter became stable.
Figure 2-13 shows an example of collapsed towers due to wet snow accretion in combination with strong winds,
about 1 100 m above sea level.

Figure 2-12 In-cloud icing on a 22-kV line feeding a TV tower 1 400 m above
sea level in south-western Norway (courtesy of O. Wist).

Topography influences the icing differently depending on the type of icing. Freezing rain occurs mainly in
basins and depressions where cold air can be trapped while warm air with precipitation may intrude the air
aloft (temperature inversion). In-cloud icing occurs only above the cloud base, but the cloud base varies
significantly with topography. A mountain (ridge) only 50 – 100 m higher in the upwind direction may be
sufficient to reduce this icing to a minimum. However, wet snow may occur at all altitudes and also on the
leeward side of mountains and ridges [20].
Also, mostly in the 1980s and 1990s in Norway, the HV insulator properties were affected by polluted rime ice
on insulators, as shown in figure 2-14. This pollution was transported over long distances from industrial and
densely populated areas in continental Europe as well as from the British Isles. High concentrations of sulphates
and nitrates resulted in low pH values of droplets in clouds formed over the mountain ranges in Western
Norway, [21-22].

Figure 2-13 Collapse of 300-kV towers due to wet snow at 1 100 m altitude.
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Figure 2-14 Example of burn marks on a 420-kV line insulator set due to polluted rime ice
accretion.

2.2.2.5 Recall of icing events in Iceland

Iceland is a northern country with complex geography, and a winter temperature which often fluctuates around
0 °C at the coast. Hence icing occurs regularly on the overhead line system. Wet-snow icing is most common, but
in-cloud icing can also be a problem, especially in highland areas, over 300 m above sea level.
After serious icing incidents in the years 1991 to 1995, a systematic work began in the distribution system (11
kV to 33 kV) to improve its reliability with regard to icing. The power companies have collected and registered
all known icing events on overhead lines into a database which contains information from many decades back
in time. This database was used to find distribution lines that were most sensitive to icing incidents and they
were prioritized when overhead lines were replaced with underground cables. This has been very effective in
reducing icing damage in the distribution system in the last years (figure 2-15). The database is also used when
new transmission lines are in preparation.

Figure 2-15 Number of broken poles in icing events, and length of overhead lines in Iceland. A
reduction of broken poles from 1995 to 2012 is partly explained by the fact that distribution lines
in the most severe icing areas were replaced by underground cables.
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An example of a recent wet snow icing incident which affected the 66 kV and 132 kV transmission line system
is one that occurred on September 10, 2012, in Northern Iceland. Estimated ice load and description of tower
failures are shown in figure 2-16. There was a strong wind from NNW, with heavy fall of wet snow, especially
in areas 100-200 m above sea level in the western part, and 200-300 m in the eastern part. In the eastern
part, ice load was measured with a load cell on one tower which recorded an ice load of 14.5 kg/m when the
conductor broke (figure 2-17). However, the data shows that ice-accretion continued for two or three hours
after that. Based on observations and simulated data, mean winds (10 min.) are likely to have peaked at the
site early in the night at 27 m/s, with gusts exceeding 40 m/s. Many towers were broken or damaged (figure
2-18), which caused loss of power in three villages in the Northeast of Iceland for three days, while the line
was being repaired. Diesel generators were used to supply electricity for domestic use, but the fishing industry
was without power. Although many towers were broken in another 132 kV line in the area, the resulting loss of
power was minor, because the so called n-1 rule made it possible to supply power by other transmission lines.

Figure 2-16 Areas affected by the icing event of September 10, 2012. Overview of
measured/estimated wet-snow loading as well as main regions of failures. Values show median
(max) loading.

Figure 2-17 Measurement with a load cell in a 132 kV suspension tower.

Page 26

Coatings for Protecting Overhead Power Network Equipment in Winter Conditions

Figure 2-18 Broken 132 kV OHTL

132 kV tower- Ice diameter: 20x30 cm.

2.2.2.6 Recall of icing events in Slovenia

In the period from 1980 to 2014, several icing events occurred that caused major disruption at all voltage
levels from 0.4 kV to the National Grid of ELES at 110 kV, 220 kV and 400 kV as well as on other
infrastructures (railways, forests, forest roads). Table 2-3 presents a history of the major ice events in
Slovenia for this period.
In Slovenia, the most likely occurrence of glaze ice and heavy snowing are at altitudes between 500 and
1000 m above sea level, particularly in the South Alpine region and in the region of Sneznik (Dinaric
Mountains). Therefore, the territory of the Slovenian transmission network is impacted by three different
climatic zones (Mediterranean, Alpine, and Continental), and frequently exposed to different kinds of ice
storms. Hence, it was considered that additional data collecting on icing should be done in these regions
[23-25].
Characteristics of meteorological events in the subalpine region of Slovenia
The characteristic of periodical meteorological events during winter in Slovenia is the substantial contrast
between the deep cyclone region (low air pressure) above the Eastern Atlantic and partially above the
Mediterranean and the distinctive anticyclone (high air pressure) with its centre above Russia. A frontal
zone between the two regions develops above the Eastern part of the Alps and the Northern part of
Mediterranean. The difference in air pressure between these two may sometimes be as high as 100 hPa.
Because of this, the cool polar air which is a thin layer close to the ground meets the strong inflow of warm
and wet air in the shape of high altitude winds from the Mediterranean. Therefore snow falls through a
layer of warm air, where it melts, and then cools down again in the lower cold layers of air. Supercooled
water drops of rain are in an unstable condition and rapidly turn into ice when they touch objects. The
phenomenon of supercooled droplets is therefore the main reason for the occurrence of ice loads on
overhead power lines.
The synoptic situation for the region of Ljubljana on February 2, 2014, showed that air temperature at
altitudes between 1 300 m and 1 900 m was above 0 °C because of the inflow of warm air [26]. Below
the altitude of 1 300 m, however, the temperatures were below 0 °C and the liquid drops fell in the form
of supercooled rain, which was freezing almost instantly in contact with the ground or any structures.
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Table 2-3 History of major ice events in Slovenia in the period 1980-2014
Locations
Event Brkini (S‐W)

Period
November 5, 1980

Event Notranjska (S‐W)

November 15‐16,
1984

Event Notranjska (S‐W)

January 7‐15, 1997

Event Notranjska (S‐W)

December 5, 1998

Event Štajerska (Central)
Event Gorenjska (N‐W)

February 9, 1999
November 14, 2004

Event Štajerska (N‐E)

January 27, 2009

Event Notranjska (S‐W)

January 31‐February 9,
2014 (figure 2‐19)

events
‐OHL 400 kV Divača‐Melina: Destruction of steel construction due
to icing on 27 supports
‐OHL 220 kV Divača‐Pehlin: Destruction of steel construction due
to icing on 29 supports
‐The ice coating was up to 7 cm thick and because of the damage
to the forests some 674 000 m3of timber had to be cut down [27].
‐OHL 110 kV Cerkno‐Idrija: Broken crossarms because of icing on 2
supports
‐OHL 110 kV Cerkno‐Idrija: Destruction of support Nr 15 because of
snow and ice load.
Icing damaged about 21 000 ha of forests (nearly 2 % of all forest
areas) and about 110 000 m3 of timber were damaged [27]
‐OHL 400 kV Beričevo‐Divača: Damage to conductor clamps and
conductors due to icing on several locations.
‐OHL 400 kV Beričevo‐Divača: Destruction of metal construction
because of icing on 7 supports
‐OHL 220 kV Kleče‐Divača: Icing on conductors with destruction of
one support.
‐OHL 400 kV Maribor‐Krško: Earth fault because of icing
Icing damaged some 82 000 ha of forest (about 8 % of all forest
areas), around 870 000 m3 of timber were damaged.
‐OHL 400 kV Beričevo‐Divača: Earth fault because of extreme sag,
caused by additional ice load of the conductor
‐OHL 400 kV Maribor‐Podlog: Earth fault because of icing
‐OHL 110 kV Okroglo‐Jesenice/Jeklarna II: The ice load was shaken
off the conductors.
‐OHL 2x110 kV Pekre‐Vuhred: Destruction of 3 supports because of
snow load.
‐OHL 400 kV Beričevo‐Divača: Destruction of 26 supports and
heavy damage to 6 supports because of icing .
‐OHL 400 kV Beričevo‐Podlog: 3 supports destructed by icing.
‐OHL 220 kV Kleče‐Divača: 21 supports destructed and 22 supports
heavily damaged by icing.
‐OHL 220 kV Beričevo‐Podlog: Heavy damage caused to 1 support
by icing.
‐OHL 110 kV Cerkno‐Idrija: Due to icing 8 supports were
demolished and 4 supports heavily damaged.
‐OHL 2x110 kV Slovenj Gradec‐Velenje: Due to icing 1 support was
demolished and 1 support heavily damaged.
OHL towers: Supports of overhead lines over 93. 23 km were
destroyed or damaged, the total cost being estimated to 12 million
Euro [28].
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Figure 2-19 Damage 400 kV OHL, Slovenia, 2014.

Low Voltage & Distribution Network: Damage occurred over 3 053 km of the network, with about
23 000 demolished or damaged supports. The total damage to the distribution network is estimated to
about 55 million Euro (figure 2-20).

Figure 2-20 Damage LV & Distribution Network, Slovenia, 2014 [28].

Forest, trees: Icing damaged about 500 000 ha of forest (about 50% of all forest areas in Slovenia) and
a total volume of 7 030 000 m3 of timber. The total damage to the forests is estimated at 194 million Euro
[28].
Railway infrastructure: Icing also destroyed or heavily damaged the railway infrastructure (electric
overhead supply lines with fittings and supports) on the Koper railway line – Ljubljana, where the total
freight from the sea port of Koper is being transported in the direction to Central Europe. The railway line
was totally closed for several days. A temporary traffic system using diesel locomotives was organized for
freight traffic only. Reconstruction of the damaged railway line is estimated to have last for six months at
a cost of 20 million Euro. During the 2014 ice storm, also called The Historic Slovenia Ice Storm, which
particularly struck the hilly region of South-Western Slovenia, some 80 000 households were affected and
the total damage was estimated to nearly 500 million Euro. The thickness of ice load on conductors of
overhead lines in some locations reached 12 to 15 cm. During this difficult time, many European countries
responded generously and sent immediate help in the form of many diesel power generating units to
secure electricity supply to a large number of households and production plants until the damaged public
power distribution system was fully restored.
Page 29

Coatings for Protecting Overhead Power Network Equipment in Winter Conditions

2.2.3 Recall of icing events in Asia

2.2.3.1 Recall of 2008 icing event in China

In early 2008, the Central and South parts of China encountered the most serious freezing weather in the past
50 years [29]. Figure 2-21(a) shows that the average temperature of seventeen of the thirty-one provinces of
China was under 0° C during the icing disaster. According to the statistics of CEPRI (China Electric Power
Research Institute), 36 740 lines were not supplying electricity, 2 018 transformers shut down, and 8 381
electric towers collapsed at voltages ranging from 110kV to 500 kV.

(a) Average temperature

(b) Freezing days

Figure 2-21 Average temperature and freezing days from January 20 to February 2, 2008, China.

Figure 2-21(b) shows that the worst hit areas were in Central China, such as the Hunan Province. The electric
equipment of Hunan Power Grid was seriously damaged. Table 2-4 shows the statistics of damaged lines, from
110 kV to 500 kV of the Hunan Power Grid, whereas Table 2-5 shows the substation outage statistics. During
the disaster, there were many icing flashovers, collapsed towers, and seriously damaged substations. There
were consequent outages, and it was even reported that a city of Hunan Province was out of power supply for
more than two weeks. The direct economic losses of China in the icing disaster were estimated at more than 3.5
billion US dollars.
Table 2-4 The statistics of damaged lines in Hunan Power Grid

Voltage
level/kV

Total lines

Flashover
lines

Outage times

Conductor
broken

collapsed
towers

500

33

28

89

14

174

220

246

>100

--

42

185

110

--

>100

>2000

61

247

Table 2-5 The statistics of substation outages in Hunan Power Grid

Voltage level/kV

Substations total

Outage substation

Outage percent/%

500

12

6

50

220

85

32

37.6

110

389

87

22.4

35

433

181

41.8
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2.2.3.2 Recall of the 2005 wet snow event in Japan

On December 22, 2005, an outage occurred in the Northern part of Niigata Prefecture around 8:10 where as
many as 650 000 households were affected [30]. Power distribution was restored at 15:10 on December 23,
31 hours after the occurrence of the outage. The outage was the result of ground faults and short circuits that
occurred simultaneously at many locations on transmission lines under rarely encountered and most severe
weather conditions. This snow event with unprecedented damage was caused by reduction in insulation by wetsnow polluted with sea-salt and by short-circuit faults due to galloping, in rare and severe weather conditions
reported in several papers [31-35].
A schematic representation of the event is presented in figure 2-22. The progression of the event can be
explained as follows. With a large scale depression going over the area, it began to snow around 3:00 on
December 22. From the meteorological data presented in figure 2-23 it can be seen that this event was
characterized by strong winds with 10 minute average velocity of more than 10 m/s between 6:00 to 8:00 as
the depression passed. The temperature was about 0° to 2° C, which is known to be suitable for wet-snow
accretion, between 3:00 and 17:00, when wet snow could very easily accrete on power lines. The cumulative
precipitation was the largest one recorded in the last 30 years at Niigata Meteorological Observatory. There
was enormous precipitation of snow in a temperature range suited for wet-snow while strong winds blew for a
long time.

Figure 2-22 Snowfall included sea-salt.
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Figure 2-23 Meteorological conditions at the time of power outage.

2.2.4 Recall of icing events in South Africa

Generally, in the high lying areas in Lesotho [36], the incidence of conductor icing in Southern Africa is not
comparable to conditions experienced in many other parts of the world, like Northern Eurasia and Canada for
example. Not only is the frequency of conductor icing relatively low in South Africa, the resultant intensity of
loading is also lower.
Nevertheless, ice loading incidents, while infrequent, have the potential to severely disrupt the supply of
electricity. This is due to the fact that extreme cold weather has the potential to affect a large geographical
area (in contrast to more localised extreme wind conditions, for example), as was experienced in KwaZulu
Natal in 2001 [37].
In the period 1995 – 2004, a total of 31 ice loading incidents were recorded in different areas of the country,
as shown in figure 2-24. The incidents were compiled from extensive interviews with regional Transmission and
Distribution engineers and field staff, and the information is mainly limited to the last decade.
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Figure 2-24 Ice loading incidents on overhead lines from 1995-2004.

Although some of the areas have experienced repeated line failures due to ice over the years, only the most
significant events were recorded. There were, however, sufficient incident reports to enable the determination
of high risk areas in the country.
EXAMPLES OF SOME INCIDENTS
KwaZulu Natal 2001
Heavy snow over the Drakensberg escarpment on September 13, 2001, resulted initially in many interruptions
of supply on the distribution system and later in the tripping of transmission lines feeding KwaZulu Natal. The
line trips were caused by broken earthwires and crossarms due to severe ice loading [37]. Over the next two
days 400-kV lines and a 275-kV line tripped at various times. These caused the power system to oscillate,
eventually resulting in a system voltage collapse in KwaZulu Natal.
The whole KwaZulu Natal load of 3 343 MW and also 1 000 MW of pumping load at Drakensberg was shut
down. The system frequency jumped to 50.84 Hz. The total loss equalled 6.81 System Minutes.
Cross-arm Failure
A phase crossarm failed on a suspension tower of one of the 400-kV lines. It was evident that the crossarm
was subjected to high vertical loads, as well as a longitudinal load in the direction of the longer 600-m span
(figure 2-25). The failure of only one crossarm would indicate the presence of either a) a high transverse wind
or b) galloping - which typically results in more variable loading.
Since ice loading is directly related to conductor size, the 36-mm OD Bersfort ACSR conductors (the largest
conductors currently in use by Eskom) would have attracted a considerable amount of ice build-up. This by
itself could have resulted in sufficient vertical load to collapse the crossarm. Calculations show that anything
more than 1cm of radial ice could cause failure of the crossarm.
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Long Span
600m

Short Span
300m

Probable Wind
Direction

a) a high transverse wind

b) galloping

Figure 2-25 Failure of one the crossarms on a 400 kV suspension tower.

KwaZulu Natal – August 7, 2012
In this incident there were multiple tower failures. Generally, there did not seem to be any wind, so the failures
were likely due to high ice build-up. It was evident that some of the earthwires had weakened as a result of
ageing. The OPGW fitted had a low rating, 50 kN, while the earthwire was approximately 100 kN. Some of
the crimps on fittings also gave way. When the earthwire failed then these side forces caused tower earth
peaks to collapse, the tower crossarms were already heavily loaded with ice on the conductor and the peak or
earthwire falling on the crossarm caused the crossarms to collapse.
Southern Cape: 2002-2009
In the winter of 2002, a 400 kV Transmission line in the Southern Cape had a sustained outage for a total of
31 hours and 27 minutes due to two permanent faults (22 hours 21 min and 9 hours 6 min), believed to be
caused by the icing of insulator strings at tower 259. During the winter of 2007, the line was locked out for 7
hours and 28 minutes. In 2009, another 4 line faults occurred in the space of 5 hours. One of them was a
permanent fault which lasted for 8 hours 40 minutes, and icing was found to be present [38]. Figure 2-26
shows some of the accumulation on the insulators, more recently.

Figure 2-26 Snow/ice accumulation on a strain insulator arrangement.

Table 2-6 summarizes the impact of the icing events presented in this chapter.
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Table 2-6 Impact of icing events

Country

Canada

Sweden

Line
voltage
(kV)

Tower/pole
Conductors
supports

735

149

315

58

230

306

120
49

1091
1500

Earth wire
failure
Earth wires
failure
Earth wires
failure

Flashover
in polluted
ice

130-400

132
UK

Catalonia
(Spain)

LV – 66

1078

25-66
132

33

Twin Lynx
conductors
failure
Small Cu,
Wolf and
Dingo
failure
(1000 in
total)

Earth wires
failure

220
22

Several

Norway

Polluted
rime ice

420

Iceland

Insulators

11-33

760

11-33

690

11-33

700

11-33

310

132

205

Broken
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Type of
events

Date

Glaze
icing

Jan
1998

Ice
accretion

Feb
1999

Wet
snow

Dec1990

Wet
snow

Aug
2010

Wet
snow

1961

Ice

1980/90

Wet
snow
Wet
snow
Wet
snow
Wet
snow
Wet
snow

1972
1974
1991
1995
Sept.
2012

Cost

6.4
Billion
CA$

Coatings for Protecting Overhead Power Network Equipment in Winter Conditions
Table 2-6 Impact of icing events

Country

Slovenia

Line voltage
(kV)

Tower/pole
supports

400

27

Glaze ice

220

29

Glaze ice

220

3

Wet
snow

Nov
1980
Nov
1980
Nov.
1984

400

7

Glaze ice

Jan1997

220

1

Conductors

Insulators

Several
broken

Type of
events

400

High sag

Glaze ice

400
110

High sag
3

Glaze ice
Snow

500

174

14

Ice

220
110

185
247

42
61

China

Sea salt
flashovers

Japan
Earth wires
broken

275

South
Africa

400

1

275/400

Multiple

Earth wires
broken

Ice
Icing on
insulators
Icing on
insulators

400
400
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Wet
snow
Wet
snow

Date

Cost

Jan1997
Dec
1998
Feb1999
Jan2009
Jan/Feb
2008

Dec2005
Sep
2001
Aug
2012
Winter
2002
Winter
2007

3.5
Billion
US$
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2.3 Anti-icing/De-icing methods

AI/DI methods are subdivided into the four following categories:
1. Passive methods based on natural forces or physical geometries;
2. Active coatings and devices requiring some electrical energy to be effective ;
3. Mechanical methods based on breaking down accreted ice;
4. Thermal methods based on ice melting.
These methods have been discussed in detail in the CIGRE TB 438 [7] and can be briefly summarized as
follows:
Passive methods are ones which do not require an external source of energy but rather use natural forces such
as wind, gravity or solar radiation, or phase/circuit geometry. Consequently, they can function on both
energized and non-energized conductors as well as ground wires. Passive methods include most of the antiicing methods used to prevent or reduce the formation or development of wet snow and ice on conductors or
ground wires. To achieve this, different strategies are used: (i) weakening ice adhesion strength, (ii) preventing
freezing of supercooled water droplets on impact, (iii) using a combination of specific devices for limiting the
impact of ice overload on conductors, and (iv) exploiting natural forces such as wind, gravity or solar radiation
in order to limit the adverse effects of ice loads on overhead lines. Some of these methods are already
effective for wet snow but their efficiency for ice needs to be studied. The coatings discussed in this brochure
are part of the passive methods.
Active coating and devices require some electrical energy to be effective. One of the proposed methods
makes use of losses in a specific dielectric coating covering the entire surface of the conductor. By choosing an
adequate dielectric coating among ferroelectric materials, it is possible to maintain the surface conductor
temperature above the freezing point in order to melt the ice/substrate interface. However, this would require
the use of a higher frequency, 60 kHz, instead of the normal 50 or 60 Hz service voltage frequency. This
condition is problematic as the use of such high frequencies can lead to electromagnetic perturbations and other
problems, and needs additional investigation. However, most of the proposed methods are not available
commercially. In the same area, other methods are based on the use of a ferromagnetic coating for the
purpose of sustaining a positive temperature of the energized conductor surface. Instead of absorbing energy
from the electric field, the ferromagnetic coating absorbs energy from the magnetic field, which is at a
maximum at the surface of the conductor.
Mechanical methods refer to any method involving ice breaking in order to accelerate ice shedding. In most
cases, they can be considered as de-icing methods as they are used to speed up the shedding process after
snow packs or ice have formed on conductors or ground wires. It has been demonstrated that mechanical
methods require around 100 000 times less energy than thermal methods to force ice shedding. Generally,
most of the mechanical methods are based on two strategies. One strategy consists in breaking the ice by
scraping it and the second in releasing energy from shock waves, vibrations or ground wire/conductor twisting
to pull or fling off the ice. One of the main advantages of mechanical methods is their ease of application
compared to thermal methods. In fact, mechanical methods are preferred for timely and fast intervention to deice short critical sections of a power network. However, in the absence of any precise instructions, mechanical
methods involving significant bending of ground wires/conductors should be avoided for optical ground wires
to prevent damage to the optical fibers.
Thermal methods include all non-natural methods causing the ice to melt in order to force shedding. They
consist in the heating of line conductors or ground wires to prevent ice accretion or for de-icing purposes. It is
recognized worldwide as the most efficient engineering approach to minimize the consequences of severe ice
storms on overhead lines. Some of these methods can be used for anti-icing purposes in order to prevent
supercooled water droplets from freezing during their impact on the conductor surface. In that case, less energy
is required for anti-icing than for de-icing. Thermal methods can be divided in two categories: (i) methods
based on pure Joule effect, and (ii) methods based on dielectric losses, radiative waves and external heat
sources, which are discussed in detail in this Technical Brochure.
A summary of the main anti-icing (AI) and de-icing (DI) methods are reported in Appendix I of TB 438 [7],
where each method is presented according to its efficiency, operational status, disadvantages, country of use
and cost level.
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2.4 Concluding remarks

In this chapter a number of major icing events were reviewed. These examples indicate the extent of damage
that has occurred in the past during severe icing events and which have the potential of reoccurring in the
future. In addition to these events there is a range of icing events that occurs more frequently causing
operational problems and damage to overhead line conductors. These events took place in different
environments and countries from Scandinavia to Southern Africa. Some problems associated with such events,
both from mechanical and electrical point of view, are not yet fully understood or resolved. Significant progress
has been made recently in understanding different anti-icing and de-icing techniques and their pros and cons,
but all of the current methods have their own limitations. Limited trials of these techniques have also been done
in the field but these trials are not sufficient to indicate whether such techniques can be effective in minimizing
the damage or not.
New technologies based on the use of icephobic materials are attractive and show potential for future
applications. Efforts in R&D to find efficient and cost effective techniques to improve the reliability of overhead
power networks should be continued.
In the coming chapter, the principles of hydrophobicity and icephobicity will be discussed in view of obtaining
superhydrophobic and icephobic coatings with potential application to power networks with a view of
protecting them in winter conditions.
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Chapter 3: PRINCIPLES OF HYDROPHOBICITY AND ICEPHOBICITY
Hydrophobicity and icephobicity are two essential functional characteristics necessary for elaboration of
coatings for protecting power network equipment from icing and pollution. In this chapter, these characteristics
are discussed to acquire a better understanding on how these coatings function.
3.1 Process of wetting and hydrophobicity

The concept of wetting, which is the physical behaviour of a liquid in contact with a solid surface, is an
important concept determining how well a liquid adheres to a surface. It is also responsible for some other
related effects such as capillary action. Wetting phenomena is the result of molecular interactions at the
liquid/solid interface. The degree of wetting (or wettability) is determined by the balance between adhesive
and cohesive forces. Adhesive forces between a liquid and solid cause a liquid drop to spread while cohesive
forces within the liquid cause the water droplets to ball up, i.e. avoid contact with the surface.
The extent to which a solid surface can be wetted with any liquid is commonly described in terms of wettability.
In the case of water, a highly wettable surface is considered to be hydrophilic, while a surface with low
wettability is referred to as hydrophobic. The wettability of a surface is dependant of two important factors:
(1) surface energy and (2) surface roughness.
3.1.1 surface Energy

By definition, surface energy is the energy needed to generate a surface from a bulk material. The value of
surface energy is one of the most important factors to define the wetting behaviour of a surface. A surface with
higher energy, such as most metals, glasses or some ceramics, leads to higher wettability, and therefore moves
towards hydrophilicity. On the other hand, low surface energy materials, such as some polymers or polymeric
functions, tend to move towards hydrophobicity.
3.1.2 Surface roughness
Theoretically, the contact angle on a smooth surface cannot exceed 120°. This means that surface chemistry or
surface energy can only contribute to water repellency up to a point. However, surface roughness is another
important parameter which can further increase water contact angle, theoretically up to 180°. The effect of
roughness on the wetting behaviour along with wetting models for rough surfaces will be discussed in the next
section.
3.1.3 Characterization of wettability/hydrophobicity
Regardless of the degree of wetting, the shape of a liquid drop on a solid and rigid horizontal surface is
roughly a truncated sphere. The angle at which the sphere is truncated, called the contact angle, provides a
quantification of wettability. The definition of the contact angle (CA, θc) is shown in figure 3-1. It is the angle
at which the liquid-air interface meets the solid-liquid interface. For an ideal smooth solid surface, contact
angle, θc, can be alternatively described as the angle between the solid surface and the tangent of the
droplet’s ovate shape at the three-point interface.

Figure 3-1 Contact angle between a liquid and a solid surface.
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The CA on a surface is determined by the balance of forces at the three-point interface (Young equation). A
high contact angle indicates low wetting on a surface and vice versa. In the case of complete wetting, contact
angle becomes zero which physically means that the droplet completely spreads on the surface. Such surface is
sometimes referred to as superhydrophilic.
While static contact angle measurement is a powerful tool to study the wetting behaviour of a surface, several
studies have suggested that to better assess the wettability and evaluate the icephobic characteristics, dynamic
wetting behaviour should also be defined and studied. Two different contact angles may be measured to
characterize the dynamic wetting behaviour on a surface: 1) advancing contact angle (θa) and 2) receding
contact angle (θr). Several definitions exist for advancing and receding contact angles, but the simplest and the
most comprehensive definition is that the advancing contact angle is the maximum stable angle, whereas the
receding contact angle is the minimum stable angle. These two different angles exist due to the many different
thermodynamically stable contact angles on a non-ideal solid. These varying thermodynamically stable contact
angles are known as metastable states. In other words, static contact angle can be any number between θa and
θr. The difference between θa and θr is defined as Contact Angle Hysteresis (CAH) shown in figure 3-2.

Figure 3-2 Contact Angle Hysteresis.

Unlike ideal surfaces, real surfaces do not have perfect smoothness, rigidity, or chemical homogeneity. In order
to describe the wetting behaviour on real surfaces, other models leading to other equations should be
described. Wenzel (figure 3-3 a) and Cassie-Baxter (figure 3-3 b) models are two of the most common models
defined for rough surfaces [39].

cos ′

cos

cos ′

1

cos

1

a) Wenzel wetting model and (b) Cassie-Baxter wetting model
Figure 3-3 Hydrophobicity models.

In the Wenzel model, it is assumed that water can penetrate the surface features, thus completely wetting the
surface. In this case, the apparent contact angle of the rough surface, ’, correlates with the surface roughness
and the contact angle of the smooth surface, , following the Wenzel equation where r, the roughness factor, is
the ratio between the actual to projected solid–liquid contact area.
In Cassie-Baxter model, water cannot penetrate into the surface features, so that air is trapped between the
water droplet and the substrate, forming an air/solid composite interface. Using the Cassie-Baxter equation,
the apparent contact angle on this surface, θ’, can be calculated from the contact angle of the smooth surface,
θ. In Cassie-Baxter equation, f1 represents the fractions of solid–liquid contact area.
Under either of these regimes, a high contact angle does not necessarily translate to droplet mobility and selfcleaning. The ability to shed water droplets depends on the sliding angle, which defines the surface tilt
required for a droplet to mobilize on the surface. The sliding angle is dependent on the interaction strength
between water and solid, which can be further described by the Furmidge equation:
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sin

cos

cos

where m is the mass of the water droplet, g is the gravitational acceleration, α is the sliding angle, σ is the
surface tension of water, d is the droplet contact area diameter, θr is the receding angle and θa is the
advancing angle. In this equation, the left side represents the gravitational force, while the right side represents
the capillary force. The term in the brackets is a measure of the interaction strength between water and the
solid on the interface. The physical consequences of this equation can be further illustrated by characterising
two extremes:
•

In the Casssie-Baxter regime, the actual water/solid contact area is very small which results in poor
attachment of the water on the surface. Such surface has a small sliding angle and hence good selfcleaning properties.

•

In the Wenzel regime, the actual contact area is much larger than the apparent area resulting in a
much higher attachment strength. Under this regime a surface with a very high contact angle may have
a large sliding angle and no self-cleaning behavior.

Using these quantitative concepts, superhydrophobicity can be defined. A superhydrophobic surface is a
surface on which the water contact angle is higher than 150° and which has low contact angle hysteresis (<5°)
(Table 3-1).
Table 3-1 Definition of hydrophilicity, hydrophobicity and superhydrophobicity

Hydrophilic
Contact Angle

90°

Hydrophobic
150°

Superhydrophobic
90°

180°

150°

3.2 Principles of icephobicity

A correlation has been found between superhydrophobicity and icephobicity [39-43]. It has been shown that a
low contact angle hysteresis is a defining criteria in icephobicity [44]. Surfaces with low contact angle hysteresis
showed lower ice adhesion strength along with longer delays in freezing times. This suggests that icephobicity is
more likely to be achieved in Cassie-Baxter wetting regime. Recently, a few papers investigated this
correlation and suggested that a superhydrophobic surface can reduce or prevent the ice accretion by one or
more of the following mechanisms:
(1) The heat transfer between the droplet and the surface is hindered by the insulation effect of the
nanostructured roughness on the surface. In other words, the micro/nanostructure on a superhydrophobic surface
acts as an insulating layer in the interface [39, 42].
(2) For a superhydrophobic surface, contact area between the surface and the water droplet is significantly
smaller and therefore, less potential nucleation points are present on the surface. In other words, lower contact
area results in higher activation energy for nucleation and growth of ice crystals. It has been shown that for a
superhydrophobic surface, the contributions of solid/liquid interface to the solidification process are negligible
[43]. Moreover, smaller contact area can lead to lower heat transfer area between the droplet and the
surface, which subsequently delays the freezing point [41].
(3) Unlike hydrophilic surfaces, water droplets are extremely mobile on a superhydrophobic surface and will
rebound upon impact (figure 3-4). The time for which the water droplet is in contact with the surface before
rebounding on a superhydrophobic surface is called the drop rebound time or shedding time. On a
superhydrophobic surface, this period is usually a few tens of milliseconds. If the drop rebound time is smaller
than the time needed for ice nucleation, then it can be expected that the ice formation is reduced or prevented
[42-45].
It was shown that in icephobic applications, frost formation in a supersaturated environment prior to freezing is
of significant importance [45]. Before water solidification, frost can cover the micro/nanostructure on the
surface, thus reducing the hydrophobicity of the surface (figure 3-5) and increasing the ice adhesion strength. In
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this case, ice adhesion strength was shown to increase linearly with the surface area, suggesting that frost can
cover the whole structure, including post tops, side walls and valleys [46]. Therefore, extra care should be
taken while dealing with the environments where frost formation is probable.

Figure 3-4 The impact of a water droplet on a hydrophilic surface (top) and on a hydrophobic
surface (bottom). The rebound phenomena on a superhydrophobic surface may be responsible
for the delayed ice formation on superhydrophobic surface [42].

Figure 3-5 Frost formation on a superhydrophobic surface. It is clear that frost can
cover the whole structure and subsequently increase ice adhesion strength [46].

Generally, icephobicity is related to surface roughness, i.e. micro/nanostructured coatings. However, some
studies suggest that it is possible to develop a surface which is smooth at molecular level and yet extremely
icephobic [48-49]. These surfaces are mainly characterized by their low contact angle hysteresis. The absence
of micro/nanoroughness on the surface prevents the formation of frost or mechanical interlocking of ice.
Moreover, low contact angle hysteresis should increase the mobility of supercooled droplets on the surface, and
thus further increase icing delay.
Few studies have investigated the icing mechanism on porous pavements [42-43]. It was shown that the pressure
build up due to water expansion upon freezing is of significant importance. If air is entrapped in the surface
structure, air pressure increases rapidly. For example, it was found that when 2 % of the ice was frozen, air
pressure was 36 atm. This pressure increased to 420 atm when 20 % of the water was frozen [46]. This
pressure increase can lead to initiation and propagation of cracks in the ice structure, resulting in ice debonding. These results suggest that although surface roughness can lead to potential interlocking and therefore
to high adhesion strength, carefully optimized roughness can facilitate the ice shedding process.
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3.3 Concluding remarks

The principles of wetting presented in this chapter will help to obtain a better understanding of the correlation
between hydrophobicity and icephobicity. Hydrophobicity is generally characterized by the concept of contact
angle. Static contact angle is the angle between the liquid/solid interface and the liquid/air interface of a
droplet at rest. Dynamic contact angle is another important concept which consists of two differently defined
contact angles: advancing contact angle (θa) and receding contact angle (θr). The difference between these
two dynamic contact angles results in contact angle hysteresis, which is one of the most important factors
determining the self-cleaning effect and anti-icing behaviour of the surface. As will be discussed in the next
chapter, these properties are used to develop anti-icing surfaces to protect power network equipment.
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Chapter 4: PROTECTIVE COATINGS FOR POWER NETWORK EQUIPMENT
In this chapter, a classification of the coatings is proposed which is followed by a review of these coatings for
the protection of the main elements of power network equipment including conductors and ground wires,
insulators as well as some other equipment including wind turbines and substations.
4.1 Classification of coatings

Coatings may be either active or passive, depending on their need of external energy or not to start their
operation.
4.1.1 Active coatings

Active coatings require some electrical energy to be active. To the best of our knowledge, since the publication
of CIGRE TB 438 [7] in December 2010, which presented a few active coating techniques, no notable active
coating has been developed. In general, these methods are applicable to conductors. However, some
semiconducting coatings applicable to insulator surfaces can also be categorized as active coatings, which will
be discussed in Section 4.3 on coatings for insulators.
4.1.2 Passive coatings

Passive coatings are ones which do not require energy to be activated. In the case of superhydrophobic and
icephobic coatings, the low surface energy and surface topography are among the properties which reduce or
prevent adherence of water and ice. Theoretically, icephobic coatings prevent ice from sticking to the surface
because of their anti-adherent properties, while superhydrophobic coatings do not allow water to remain on
the surface because of their repulsive features.
In this brochure, coatings are subdivided in the following categories accordingly with their application purpose:




Coatings for conductors and ground wires
Coatings for insulators
Coatings for other power network equipment.

4.2 Coatings for conductors and ground wires

Much effort has been devoted to the development of coatings for conductors and ground wires to reduce the
amount of ice accretion for preventing potential damage to the lines during icing periods. As passive methods
are more attractive than active ones, most of this work has been recently concentrated in that direction.
A review of some of the developed coatings with potential application to conductors and ground wires are
presented in Table 4-1.
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Table 4-1 Icephobic coatings developed for conductor materials (aluminum or stainless steel substrate)

Deposition
Technique
Chemical etching +
dip coating
Al substrate
anodization + dip
coating or plasma
sputtering
Al substrate
anodization + Low
pressure plasma
polymerization
Slippery liquid
infused porous
surface (SLIPS)
Various tools to be
directly used onto
coating on Al samples
(foam roller, float,
foam brush, bristle
brush and plastic
putty knife)
Attaching a PDMS
layer to the substrate
using an adhesion
promoter

Main Chemical
Component
Stearic acid

Properties and
Applications
Lower ice
accumulation
compared to RTV

Durability
Not tested

Comments
No quantitative
measurement on ice
adhesion

Ref
[47]

PTFE

Ice adhesion strength
is less than half of
that of bare Al

Not tested

[48,49,50]

HMDSO

ARF 3.5 for the first
icing/deicing cycle

ARF reduced to 1.4
after 15
icing/deicing cycles

[51]

Polypyrrole

Different ratios of
MP-55 (PTFE-based
powder) and Rain-X
commercial products

PDMS

ARF 85

Not tested

3 cycles tested on all
coatings

ARF 17

ARF of around 100
Low mechanical
properties
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Not tested

Usable in humid
conditions
Study conducted by
NASA to evaluate the
efficiency of the
coatings marketed as
icephobic and to
determine an optimal
application method
PDMS-based
elastomer coating
was proven to be
superior to several
commercial and
under development
coatings

[52]

[53]

[54]
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Table 4-1 – Icephobic coatings developed for conductor materials (aluminum or stainless steel substrate)

Deposition
Technique

Main Chemical
Component

Spin coating

Alumina
nanoparticles + RTV

Dip coating

Chemical etching +
dip coating

Chemical etching +
dip coating

Stearic acid

PTES

Silica nano-particles
+ fluorosiloxanes

Properties and
Applications
ARF 4.5
good corrosion
resistance
4A (very good)
coating/substrate
adhesion

Durability

Not tested

ARF 8
Significant freezing
delay compared to
control sample

ARF 6

Decreased ice
accumulation

Comments

Stable
superhydrophobic
behavior after 10
icing/deicing cycles

After 20 icing/icebreaking cycles ARF
is reduced to 4
After 40 icing/icemelting cycles ARF is
reduced to 4.5
Stable icephobic
and
superhydrophobic
behavior after 100
in-cloud icing and
subsequent icemelting
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Ref

[55]

No icephobicity
durability experiment
performed

Droplet rebound
was observed at
low temperatures
and high humidity
when the samples
was tilted at least
30 degrees
Ice adhesion
strength is not
measured
Stainless steel
substrate
Highly adhesive
coating

[56]

[57]

[58]

4.2.1 Passive coatings for conductors

Two strategies concerning passive coatings (i.e. application of icephobic coatings, and application of
superhydrophobic coatings) can be found in the literature at present. There is however no clear distinction
between them.
Most of the studies found in the literature concern so-called icephobic coatings [48, 59-63] on which ice
adhesion is low. The use of such coatings can help in reducing the shear forces needed to remove the ice from
structure. According to this line of work, a small amount of ice is allowed to form on the surface. Subsequently
this ice will shed, taking advantage of natural external forces, such as gravity or aerodynamic forces, to
overcome the ice-surface adhesion forces.
An alternative approach, which is investigated in more detail in the present study, focuses on superhydrophobic
coatings, i.e. water repellent surfaces, on which liquid water adhesion is low. Defining contact angle as the
angle a drop forms when placed on a surface (Sessile Drop Technique), the term superhydrophobic is usually
attributed to surfaces with high contact angles (>150°) and low contact angle hysteresis (<10°). The idea of
using superhydrophobic coatings is to take advantage of the water repellency and low adhesion of drops in a
liquid state on such coatings to reduce or eliminate water accumulation on the surface before water freezes. Ice
and water adhesion on a solid depend on the intermolecular forces that interact at the ice/solid and water/solid
interfaces.
The first attempt in using such hydrophobic coatings was using RTV coatings on insulators, although not against
ice but against pollution. Basic information about these coatings and a review of different test results can be
found in recently issued CIGRE Brochure 478 [64] and IEEE Standard 1523 [65].
However, when using RTV against ice, as shown in figure 4-1 [66], there are only some positive indications of
less ice accretion on the superhydrophobic coating in comparison to aluminum rod and RTV-coating, these
laboratory results being valid for glaze ice.

Figure 4-1 Ice accretion on different aluminum rods: (a) 10 min, superhydrophobic rod (b) 10 min,
hydrophilic rod (c) 10 min, RTV SR coated rod (d) 30 min, superhydrophobic rod (e) 30 min,
hydrophilic rod (f) 30 min RTV SR coated rod [66].
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This observation on the glazed ice was not confirmed by other study results [67, 67]. In [66, 67] it was shown
that the RTV-coated conductor provided less glaze ice than the nano-coated one. One possible explanation of
the difference in ice thickness may be that for the superhydrophobic conductor the initial ice layer has a
different structure due to a smoother surface caused by the RTV coating (figure 4-2). This might also be an
important indication for further development of superhydrophobic coatings, which should “encapsulate” the
whole conductor, preventing moisture penetration between the separate wires. However, a possible
explanation is that the superhydrophobic coatings used in these two investigations could be quite different.

Figure 4-2 Illustration of how RTV coating changes the surface geometry of the conductor.

However, it was pointed out in [66, 67] that a thinner layer of rime ice than that on three other conductors
(bare metal new and blasted, RTV-coated) was observed for the conductor with superhydrophobic coating. As
an example, it can be seen in figure 4-3 that the RTV coated conductor is almost totally covered with rime ice,
whereas the ice on the superhydrophobic coated conductor has mainly adhered to the outer parts of the wires
[66, 67].

Figure 4-3 Ice accretion on RTV-coated and superhydrophobic coated conductors.

The above results show that there are positive indications for superhydrophobic coatings to be used against ice.
However, their efficiency should depend not only on specific materials, but also on the type of ice (glaze or
rime).
Of particular importance are the aging performances of superhydrophobic coatings, some researchers having
expressed doubts about their durability [68, 69]. In particular, the authors mentioned that the
superhydrophobic coatings durability reduced considerably after 5-6 cycles of freezing rain. This phenomenon
is typical of coatings whose topology and structure result from filler particles built-in polymer-matrix composite
methods thus these coatings do not provide a practical solution for application to aerial conductors. Several
researchers proposed to develop superhydrophobic coatings which can withstand repeated icing events [70].
The challenge is how to upscale the technology from laboratory to industrial applications for both, in factory
application when manufacturing new equipment and on site application on already installed equipment.
Some materials with superhydrophobic characteristics may show weak ice adhesion [60], and thus have an
additional benefit for anti-icing strategies. No universal consensus exists between ice adhesion force and water
adhesion force on a surface.
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Some recent studies have presented qualitative results to prove the effectiveness of different
coatings in icing conditions [71] and with supercooled liquid water flow [72]. However, the
mechanism of water-surface interaction in icing conditions has not been clearly investigated yet .
4.2.2 Active coatings and devices for conductors

Another approach is to reduce ice adhesion and facilitate ice shedding by using active coatings based on
different approaches, as previously discussed in CIGRE TB 438 [7]. One of these active coatings is based on
the heat created by losses in a specific coating covering the surface of the conductor [7, 46]. Using this method,
it would be possible to maintain the substrate temperature of the conductor above the freezing point to melt
the ice. However, as this approach calls for high frequencies, it can lead to electromagnetic interferences which
would limit its applications.
Other such methods are based on the use of ferromagnetic coating which absorb energy from the magnetic
field (figure 4-4). Heating is generated by hysteresis and induced by eddy current [68]. This method, known as
LC-Spiral Rod, has been implemented successfully in Japan to prevent accidents caused by the sudden fall of
large chunks of snow. Its use seems to be effective under icing conditions with favourable weather and current
conditions, based on some experiments in a Hydro-Quebec natural site [7].

Figure 4-4 Snow-melting magnetic wire used in Japan [74].

4.3 Coatings for insulators

Insulator flashover under both pollution and/or icing has received a great deal of attention from many
researchers and a large number of studies have been carried out in several laboratories [1, 4, 8, 74].
Optimizing the maintenance of outdoor insulation is more of an art than science learned through life-long
experience Methods like high-pressure washing, silicone dielectric greases and RTV silicone coatings have been
applied to porcelain and glass insulators. Silicone rubber housings (RTV, HTV, LSR) have proven to be more
effective, offering much better long-term capacity to provide anti-pollution properties. More recently RTV
silicone rubber coatings have successfully been applied to porcelain and glass insulators in order to improve
pollution performance. Despite all these possibilities improving the flashover performance of insulators still
remains a challenge for power network operators and designers. Therefore the search continues for new
technologies that could offer technical and economic solutions. This specifically includes coatings for insulators to
improve their flashover performance under pollution and ice, or a combination of these conditions. These
coatings could provide self-cleaning, prevent dry band arcing and improve the voltage gradient, or reduce ice
adhesion and accretion.
Hydrophobic coatings

A common way of improving the contamination flashover performance of insulators is to provide the insulator
external surfaces with hydrophobic properties. Hydrophobic surfaces, which have a low surface energy, cause
water to bead into distinct water drops that inhibit the formation of continuous conducting films. This, in turn,
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hinders the pollution flashover process, resulting in an improved flashover performance. A variety of
hydrophobic surfaces have been fabricated, from organic polymers to inorganic materials, such as RTV silicone
coatings. A brief history of these coatings is reported in [7]. The main application of RTV coatings has thus far
been applied to insulators as a measure against pollution flashovers. They are listed as maintenance or
palliative measures both in CIGRE TB 361 (AC) [8] and CIGRE TB 518 (DC) [9]. These coatings have generally
a longer life-span than that of a grease coating. However, an inspection program is required to determine the
condition of the coating and its need for replenishment or replacement. Such a program normally comprises a
visual inspection and a hydrophobicity measurement at an inspection interval of 5-6 years. CIGRE proposes
that as a general rule, coatings are used as a palliative measure and are not considered as a candidate
solution for new insulation projects. However, in case of severe environmental conditions under DC, their use
may be unavoidable [9].
With regard to preventing ice accretion, RTV coatings have limited advantages. Based on several studies and
analyses [3, 75-78], it is reported that there is a modest improvement in flashover performance of RTV coated
porcelain insulators when partially bridged by icicles. It is found that ice bridging on these insulators occurs just
as rapidly as for uncoated ones [3]. This behaviour is similar to that of silicone rubber insulators [79]. Testing
has shown that the time needed to achieve full bridging is nearly the same for RTV coated and uncoated
porcelain insulators. However it is found, during the melting phase, that the ice is retained for a longer time on
the RTV-coated porcelain, essentially extending the duration of the period of greatest electrical risk [3].
An example of comparative results on uncoated and RTV-coated porcelain disc insulators is presented in figure
4-5. It shows the appearance of the ice accretion after 30 minutes and 3 hours. These pictures show that there
is only a slight difference between these two cases. It may be noted that the ice layer on the bare insulator
appeared smoother than that on the RTV coated insulator. It is believe that this effect is caused by the surface
tension which is lower for RTV.
ID#

a) Appearance after 30 min

ID#

Bare

Bare

RTV

RTV

b) Appearance after 3 hours

Figure 4-5 Comparative icing appearances on bare and RTV coated insulators
a) After 30 minutes, b) After 3 hours [78].

Superhydrophobic coatings
Surfaces with a combination of microstructure and low surface energy are known to exhibit superhydrophobic
properties. Even slight amounts of water drops can entrain dirt particles adhering to the surface and clean the
surface completely. It is known that if effective self-cleaning is to be obtained on an insulator surface, the
surface must not only be very hydrophobic but also have a certain roughness. Surface structures composed of
protuberances and depressions, required for self-cleaning purpose must have spacing in the range of 50 nm to
200 μm and a protuberances height ranging from 50 nm to 100 μm [80].
An example of the effectiveness of a superhydrophobic coating (SHC) in reducing ice accretion is shown in
figure 4-6 which shows that even after 3 hours of icing exposure no icicles were formed. This is in contrast to the
bare porcelain disc where icicles were present even after 30 minutes of exposure. The absence of icicles on
the superhyphobic coating was caused by the releasing and falling down of the deposited ice from the
insulator surface before icicles could form.
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ID#

Appearance after 30 min

ID#

Bare

Bare

SHC

SHC

Appearance after 3 hours

Figure 4-6 Comparative icing appearances on bare and SHC coated insulators
a) After 30 minutes, b) After 3 hours [78].

Self-cleaning coatings

The low adhesion force between a liquid droplet and a surface can manifest itself in some interesting
characteristics, such as self-cleaning effect. Generally, a surface is referred to as self-cleaning when it can
somehow ‘clean’ itself. On a hydrophobic surface, self-cleaning is usually done by the absorption and
transportation of dirt particles in a liquid droplet moving on the surface. Therefore, a self-cleaning surface will
remain contamination free in outdoor environments, when it is exposed to precipitation. Clearly, self-cleaning
can be of great benefit for outdoor insulators and therefore several self-cleaning coatings have been
developed with electrical insulators in mind.
One example of such coatings has been tested and applied to service insulators [81]. The paper describes the
development-testing of an anti-pollution treatment for glass and glazed porcelain insulators that makes the
surface “non-stick” and improves the performance and durability. It was applied to capacitive voltage
transformers to reduce discharges, and their associated noise, because of condensation on the external
insulating surfaces. Other application examples include 33 kV transformer bushings and the low voltage DC
supply of the London underground network. On transmission voltages, only a limited number of 400 kV line
insulators were treated to investigate the performance of this coating in a polluted environment.
Summary of passive coatings for insulators
There are a large number of academic researches attempting to develop different types of passive coatings. A
review of some of these coatings is presented in [82]. Table 4-2 summarizes some features of these coatings
including coating deposition, as well as their chemical components and their performance under winter
conditions. What specifically concerns coating deposition is discussed in the next chapter.
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Table 4-2 Summary of passive coatings for insulators

Main Chemical
Components
RTV silicon rubber

Deposition Technique

Properties and
Applications
Hydrophobic

Durability

Comments

Ref

10-15 years

[64]

Spin coating

Hydrophobic
ARF between 30 and
40

Not tested

Not a coating (silicon
rubber composition)

Superior electrical
performance

Improved stability in
salt-fog test
10 000 hours of
accelerated weathering

Well established
technology for polluted
conditions
Not efficient under
icing conditions
Ice adhesion strength
was calculated from
direct synthetic
atmospheric icing on
the insulator
For detailed chemical
composition refer to the
patent

PDMS resin + Silicon oil
+ SiO2 nanoparticles +
Pt (as catalyst)
Organopolysiloxane
gum + silicate filler +
aluminum hydroxide +
organosilane or
organosiloxane
oligamer
Various silicon-based
or fluorine-based
monomers
(Notably
hexamethyldisiloxane,
tetraethylorthosilicate,
Vinyltrimethylsilane,
Octofluorocyclobutane)
Organofluorinefunctional silane and/or
siloxane with a mineral
acid

Low pressure plasma
polymerization

Hydrophobic
Applicable on various
types of insulator

Not tested

Only suitable for small
insulators due to
vacuum requirement

[80,85]

Dip coating

Applicable on ceramic,
glass or plastic
Water, oil and dirt
repellent
Increased flashover
voltage

Excellent pH stability,
heat resistance and UV
stability

At least one salt of
aluminum, tin, iron or
titanium should be used
in the dip solution as
the catalyst

[86]

Spray coating or
brushing
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Table 4-2 Summary of passive coatings for insulators

Main Chemical
Components
Various fluorinated
homopolymers and
copolymers

Silicon rubber and
SiO2/ZnO

Silicon rubber and
stearic acid
Various organosilicons,
fluorocarbons, solvents
and catalysts
OH-PDMS and
Modified silica nanopowder

Deposition Technique
Various deposition
methods
(Plasma etching, spin
coating, solvent casting,
plasma
functionalization, dip
coating, spray coating
or CVD)
Spray coating

Properties and
Applications
Superhydrophobic and
self-cleaning
Applicable on ceramic,
polymer or glass
Prevents dry band
arcing in contaminated
environments

Durability

Comments

Ref

Excellent UV resistance

Various methods
presented to improve
the UV resistance of
superhydrophobic
coatings

[81]

Superhydrophobic
Self-cleaning

Superhydrophobic
properties is retained
after 10 days in acidic
and basic solutions
Excellent thermal and
UV resistance
Not tested

[87]

Proved to be stable in
multi-factor aging test
UV resistant
Not tested

[89]

Spray coating

Superhydrophobic

Sol-gel process

Applicable to glass,
polymer, ceramic and
metal
Superhydrophobic
Significantly lower
accumulated ice weight
compared to RTV
coating

Spray coating
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[88]

Icing test was
performed in a climatic
chamber on a treated
insulator

[90]

4.3.1 Active coatings

Semiconductive glaze coatings
The benefits of semiconducting glaze to improve the flashover performance of insulators under pollution [67]
and icing [3] environments are well established. This benefit is derived from the heating and grading provided
by the leakage current in the semiconducting layer. Although these insulators work well under AC, their
application to DC is not recommended because of corrosion issues and glaze destruction [67].
Here follows an example of using semiconducting glaze insulators for anti-ice performance. Porcelain long-rod
insulators for 33 kV lines with ordinary and semiconducting glazes were used for the test under energized
condition (20 kVrms line to ground) to simulate normal operation conditions. Both specimen insulators have the
same dimensions with section length of 485 mm and creepage distance of 740 mm. Figure 4-7 shows the test
arrangement. Icing test was started after a 1-hour energization to settle the temperature on the semiconducting
glaze surface. Temperature on surface of specimen insulators was measured by infrared thermography after
1-hour energization. Figure 4-7 B shows the measurement result. It can be seen the surface temperature of
semiconducting glaze insulator was approx. 2°C higher than the ordinary one by Joule heat.

A) Right side: Ordinary glaze, Left side:
Semiconducting glaze)

B) Temperature on specimen insulators (Right side:
ordinary glaze, Left side: semiconducting glaze

Figure 4-7 Specimen insulators for 33 kV line.

Table 4-3 shows the icing appearances on the specimen insulators during the test. Precipitation was approx. 1
mm/h to simulate the Canadian case. Less icicles on semiconducting glaze insulator were observed than the
ordinary case. For semiconducting glaze surface, it was observed that icicles were easily falling down (see
table 4-3) due to water film on the surface melted by thermal energy of leakage current.
Table 4-3 Icing appearances after 3 hours

Semiconducting glaze

Appearance
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Anti-icing semiconductive silicon rubber coatings
There are a few known applications of silicone-based semiconducting coatings for anti-ice applications. A very
important practical aspect of using such coatings is to limit the power loss which could influence the life span
and economic efficiency [91, 92]. Therefore, the semiconductive silicone rubber coating was applied only to the
bottom side of the insulator to eliminate the power loss when there is no precipitation [92]. A conductive path
will form only when the upper side of the insulator will be wetted by moisture. However, during the
precipitation the leakage current would still be about 15-20 mA, which should be taken into account while
applying coating in service [92]. It should also be investigated how such insulators behave during summer humid
conditions.
An example of the laboratory test of the concept is in figure 4-8. Ice was accreted both on a clean insulator
and on one contaminated by kaolin and salt surface. For the strings with semiconductive coating, there were no
icicles, and no ice covering on the surface of the insulator. The coated string showed also an obvious surface
heating effect (figure 4-8 (c)). The temperature was about 16 °C at the area near the cap and pin and in most
of the other parts were above 0 °C. However, the concept was not verified for all types of ice formation [93]
and the anti-icing performance was significantly affected by the resistance of the bottom coating [94], as seen
in figure 4-9.

c) Thermal picture of the specimens in the icing
a) Icing on clean surface b) Icing on contaminated surface test, left side: uncoated sample, right side:
coated sample
Figure 4-8 The anti-icing performance and temperature rise of the insulator strings coated with
semiconductive silicone rubber on the bottom side of the insulators.

No coating

Coating resistance (MΩ)
1
0.3

0.03

Figure 4-9 Anti-icing performance of insulators of different resistance.

Since 2009, semiconductive rubber coating has been used in a few short sections of Guangdong and Yunnan
Grid transmission lines. These lines are mostly at high altitude and in areas that tend to have smog and high
humidity. Two methods were adopted for spray-painting insulators in the field, either directly on the tower or
at the ground, as seen in figure 4-10.
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A )Painting on the tower

b) Painting under the tower

c) Replacing insulator strings

Figure 4-10 Site construction work.

Comparative results of ice accretion on 35 kV and 110 kV insulators in service are presented in figure 4-11and
figure 4-12. The dark insulators are covered with semiconductive silicone rubber only on the bottom side. It can
be seen that there is less ice on the dark coated insulators.

Phase A

Phase B

Phase C

Figure 4-11 Appearance of icing on insulator strings in the operation of 35kV applied (35 kV
Lianhe Line in Guandong).

Phase A

Phase B

Phase C

Figure 4-12 Appearance of icing on insulator strings in the operation of 110 kV applied (110 kV
Yangdian Line in Guandong).
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4.4 Coatings for other power network equipment

Ice accretion can affect normal functions of various exposed structures such as substations, transmission line
antenna and wind turbines. For wind turbines, most icing prevention methods are heating systems [95].
However, anti-icing requires much more energy than de-icing because of the continuous heating required. In
theory, the surface temperature of the blade must be kept above 0°C whenever there is icing. Moreover, when
ice melts on the heated elements, water can run back and freeze again in the area not covered by the heating
element. To avoid this, the water must evaporate, which implies for the heated element temperature to need be
relatively high [95]. The use of a passive system such as icephobic coating alone on blades has proven to be
ineffective. Laforte [96] and other researchers [95, 97] found that icephobic coating degrades with time and
loses its ability to repel ice. The combination of a coating with a heating system has proven to be the best
method to prevent ice formation on wind turbine blade [95, 98]. In fact, the use of coatings on aerodynamic
and structural surfaces can either enhance the effectiveness of standard anti/de-icing systems, or lead to
substantial reduction of the energy consumption of present systems [95, 98].
No clear distinction is made in the literature regarding icephobic and superhydrophobic coatings with respect
to their application to wind turbines. However, the mechanism of water/surface interaction in icing conditions is
different depending on which type of coating is used [42, 97-99]. Current research on coatings is heading
towards nanocomposite type coatings. Details of those coating are often times proprietary or are somewhat
similar as the ones described in this chapter.
For antennas, Nkajima [100] shows that the use of superhydrophobic films was efficient in reducing the
adherence of snow on the antenna. This coating can be used as a standalone technique in wet snow condition. A
hydrophobic coating was also used in Japan for antennas. Yamauchi has found that the addition of fines
particles (1um) of PTFE (polytetrafluoroethylene) dispersed in a resin of PVDF (polyvinylidene fluoride) gives a
coating that shows high water repellency on the surface of an antenna used for radio communication.
4.5 Concluding remarks

A summary of protective coatings for the principal components of overhead power networks such as conductors,
ground wires and insulators under icing conditions was presented in this chapter. These coatings belong to the
active or passive categories depending on whether or not they need electrical energy to be activated. The
review of literature carried out for the present brochure shows that no notable active coating has been
developed since the publication of CIGRÉ TB 438 [7] in 2010. In fact, most studies have dealt with
superhydrophobic and icephobic coatings with application to power network equipment. Some of them can be
applied to both insulators and conductors, or to other equipment such as wind turbines and transmission line
antenna. It is particularly important to mention that while some of superhydrophobic and icephobic coatings
have a good potential, none of them is yet ready for application during manufacturing or to be applied to
already install equipment. In the next chapter, the methods used for preparing and applying the various
coating types reviewed in this chapter will be presented.
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Chapter 5: METHODS FOR COATING PREPARATION AND APPLICATION
In this chapter, the methods for applying coatings onto surfaces, including their pre-treatment before coating
application, will be briefly reviewed.
5.1 Pre-treatment

Surface pre-treatment is defined as one or a series of operations including cleaning, removal of loose material
and physical and/or chemical modification of the surface onto which coatings are applied. The main reasons
for undertaking surface pre-treatment prior to applying a coating are:




To remove or prevent the later formation of weak layers on the surface of the substrate
To maximize the degree of molecular interaction between coating and substrate surface
To create specific surface microstructure on the substrate

The basic surface pre-treatment methods are:
 Degreasing
 Abrasion
 Chemical treatment
5.2 Deposition methods
5.2.1 Spin coating

Spin coating has been used for several decades for the application of thin films. A typical process involves
depositing a small puddle of a fluid resin onto the center of a substrate and then spinning the substrate at high
speed.
5.2.2 Dip coating

In a dip-coating process, a substrate is dipped into a liquid coating solution and then is withdrawn from the
solution at a controlled speed. Coating thickness generally increases with faster withdrawal speed. The
thickness is determined by the balance of forces at the stagnation point on the liquid surface. A faster
withdrawal speed pulls more fluid up onto the surface of the substrate before it has time to flow back down
into the solution. The thickness is primarily affected by fluid viscosity, fluid density, and surface tension.
5.2.3 Spray coating

The spray coating technique is well established for industrial coatings. This high-throughput large-area
deposition technique ensures ideal coatings on a variety of surfaces with different morphologies and is often
used for in-line production. Moreover, the fluid waste is reduced to minimal quantities, and the deposition can
be easily patterned by simple shadow masking. Also, the spray coating technique is able to access a broad
spectrum of fluids with different rheologies, offering the opportunity to tune the system to deposit virtually any
kind of solution and obtain the desired film properties.
5.2.4 PaintBrush coating

Paint brush coating should always be undertaken using an appropriately sized, good quality synthetic or
natural fibre brush compatible with the product. This application technique is relatively slow and is generally
used for coating small areas with decorative paints and for surface tolerant primers, where good penetration
of rusty steel substrates is required. It is particularly suitable for the application of stripe coats and for coating
complex areas where the use of spray methods would lead to considerable losses due to overspray and
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associated dry spray problems. Brush application requires considerable care when applying non-convertible
coatings over one another, e.g. chlorinated rubber over chlorinated rubber, or vinyl on top of vinyl. In these
cases, the solvents in the wet coat readily re-dissolve the previously dry bottom coat.
5.2.5 Plasma treatment

Generally, plasma is an ionized gas which can be considered as the fourth state of matter. It constitutes more
than 99% of the universe. Macroscopically, plasma is electrically neutral. However it contains free charge
carriers and is electrically conductive. To generate plasma, enough energy should be applied to a gas. This
energy is usually provided by an electric source, which can be direct current (DC), radio frequency (RF), low
frequency (LF) or microwave frequency (MW). Plasma technology is an emerging technology. It is also being
used in the electronics industry in a wide range of applications, from adhesion promotion and cleaning to
fabrication of semiconductors. Plasma reactions can also be used for plastic and nuclear waste disposal and
nitriding or carburizing of steels. Plasma can exist in various gas pressures. The gas pressure defines the LTEs,
and therefore can significantly affect the nature of the plasma. Low pressure plasma is widely industrialized
and it is used in many applications, such as neon lamps and plasma screen TVs. Other applications include
deposition of metallic coatings with minimum impurity and metal matrix composite coatings. However, lowpressure plasma imposes several technical difficulties, mainly related the vacuum equipment. To address these
issues, another category of plasma has been introduced, which operates at atmospheric pressure. Atmospheric
pressure plasmas can be used in several applications, like surface modification, without the adversities induced
by low pressures. The use of atmospheric pressure plasma reactors requires less energy and offers shorter
process times compared to low-pressure plasma. However, atmospheric pressure plasmas are usually harder to
control, because an unknown amount of air mixed with carrier and reactive gases. Furthermore, complex
interactions can affect the efficiency of the treatment and hence the quality of the deposited layer.
For the development of superhydrophobic surfaces, the induction of two characteristics is essential: low-surface
energy chemistry and morphological roughness. Plasma technology can be used in the generation of both
characteristics. Plasma surface modification can be divided into three categories: (1) plasma etching, (2)
plasma polymerization and (3) plasma sputtering. Plasma etching is mainly used to generate roughness on the
surface. However, it may change the surface chemistry to some extent. On the other hand, plasma
polymerization and plasma sputtering are generally used to develop thin films from low surface energy
materials, but they may also increase surface roughness.
5.2.6 Sputter deposition in plasma

Sputtering is another method for plasma surface treatment. In plasma sputtering, coating material (target) and
substrate are placed as cathode and anode in a plasma reactor, respectively. A feed gas (e.g. argon) is
injected between the electrodes and a voltage in the range of 100 V to several kV is applied. Positively
charged ions from plasma strike negatively charged particles with high energy, thus disintegrating atoms or
molecules from cathode surface. Ejected atoms then settle on the surface of the substrate, forming a thin film
from the target material. Compared to conventional surface treatment methods, sputtering is a simple,
environmentally friendly and time saving process which results in more adhesive films. It is also not limited by
the melting point of the coating materials and is capable of forming multicomponent thin films (e.g. alloys) on
various substrates. Many studies have been done on the development of one-step methods for fabrication
superhydrophobic surfaces. However, it should be noted that some studies have investigated the effect of preroughening of samples in plasma sputtering process. For example, bohemitage or anodization of aluminum
samples results in micro-nano roughness on the surface. Just like polymerization, pre-roughening of the samples
has proven to be an efficient approach in the development of superhydrophobic surfaces.






Reactive sputter deposition
Cathodic arc deposition
Chemical vapour
Thermal Chemical Vapor Deposition
Plasma-enhanced chemical vapour depositions (PECVD)
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Plasma treatment can be utilized to deposit thin films on various substrates. The process which is usually called
plasma polymerization is referred to the deposition of polymer films through dissociation and excitation of a
monomer gas in plasma and subsequent deposition and polymerization of the excited species on the surface of
a substrate. In comparison to conventional surface treatment methods, plasma polymerization can be a very
advantageous approach. It is capable of forming ultra-thin films with suitable mechanical properties, requires
lower temperatures, can be used for monomers that do not polymerize under normal conditions, is
environmentally friendly and is significantly faster. Plasma polymerization can be divided into two general
categories: (1) low pressure (pressures less than atmospheric pressure) and (2) atmospheric pressure. Low
pressure plasma polymerization tends to generate more homogeneous films with fewer impurities. It is also
considered to be a green process due to significantly less amount of process gases involved. On the other hand,
atmospheric pressure plasma polymerization can be advantageous due to its lower energy consumption, shorter
processing times, lack of need for vacuum equipment and considerably higher growth rates. Pulsed plasmas or
modulated glow discharges are used frequently in plasma polymerization applications. In a modulated glow
discharge, plasma is turned on for a small fraction of the total cycle. In the off period, enough time will be
given for the polymerization process. The ratio between ton/toff is called duty cycle, and is often abbreviated
as DC. It has been shown that pulsed plasma can lead to unique morphologies or enhance superhydrophobic
behaviour. For example, in plasma polymerization of 1H, 1H, 2H, 2H peruorooctyl acrylate (PFAC), deposited
layers in pulsed and continuous deposition were shown to be very similar in chemical composition. But
morphology is significantly different, leading to extremely higher CA and CAH
Several materials can be used in plasma polymerization, such as oxides, nitrides, and oxynitrides of silicon,
crystalline materials such as polycrystalline silicon, epitaxial silicon, and refractory metals and their silicides.
These materials play a crucial role in development of microelectronics. However, in superhydrophobic
applications, it is essential to consider materials with low surface energy. For improvement of hydrophobic
behaviour, some specific materials are suitable due to their low surface energy, such as fluorocarbons and
organosilicons. Some studies even report and increase in roughness after plasma polymerization. But it should
be noted that not all of the aforementioned categories can be utilized in plasma polymerization. Several
studies have been done on the development of superhydrophobic fluorocarbonic surfaces. Furthermore, a few
studies have investigated the development of plasma polymerized superhydrophobic surfaces by other
precursors, such as TiCl4, CH4 or acetylene.
5.2.7 Electrodeposition

Electrodeposition is a fascinating phenomenon by which it is possible to provide a shiny coating on one metal
surface from another metal simply by donating electrons to ions in a solution. Direct current is made to flow
between two electrodes immersed in a conductive, aqueous solution.
Electrodeposition is exceptionally versatile, and valuable applications keep being developed. This approach
can be most suitable with practical applications, such as coating efficiency, film thickness uniformity on irregular
complex shapes, cost reduction and mass-productivity in mind. This process is useful for applying materials onto
any electrically conductive surface. The materials which are being deposited are the major determining factor
in the actual processing conditions and equipment which may be used.
Metal matrix composites with PTFE particles as the reinforcing phase can be produced by electrodeposition. In
this approach, PTFE micro or nanoparticles are dispersed in an electrolyte and are entrapped during the
reducing process of metallic ions. The hydrophobic behaviour of such surface has been investigated in a few
studies [114] and superhydrophobic characteristics were observed in some cases. Although no ice adhesion tests
have been done on such surfaces, the composite nature of the surface, the low cost of electrodeposition process
and the possibility to treat large and complex parts can prove to be beneficial in icephobic applications.
5.3 Concluding remarks

A variety of techniques have been developed for applying coatings onto surfaces to protect them against icing.
Coating application is preceded by a surface pre-treatment including cleaning, removal of loose material and
physicochemical modifications. Some of these techniques, such as spray coating are well established for
industrial applications while others, like plasma sputtering, are still at the stage of development. However,
another important aspect of coating deposits is the evaluation of their performance using techniques which will
be discussed in the next chapter.
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Chapter 6: CHARACTERIZATION OF THE COATING FUNCTIONAL PROPERTIES
The aim of surface treatment or applying a coating to power network equipment is to provide its surface with
specific functional properties. With reference to the purpose of this brochure the most important functional
properties are:






Hydrophobicity and superhydrophobicity
Icephobicity
Self-cleaning
Anti-corrosion
Visual Impact

6.1 Characterization of hydrophobicity

The theoretical background to wetting phenomena was described in Chapter 3.1. In this section a number of
methods generally used to characterize the wetting behaviour of a surface are discussed.
As mentioned in Chapter 3, the wetting behaviour of a surface is commonly quantified by the concept of
contact angle. Therefore, contact angle measurement is the most common characterization process used in the
literature. Other methods are also available, which will be discussed briefly.
It should also be noted that the hydrophobic properties of a surface may change over time as the material
ages, or responds to the stresses placed on it. Some materials permanently lose their initial hydrophobicity
whereas other materials may recover their hydrophobicity after stress events. It is therefore also important to
determine the degree by which a coating is able to recover its hydrophobicity.
6.1.1 Contact Angle

The contact angle is the result of interface tensions between a liquid and a solid surface surrounded by a
vapor. It is defined by the angle between the solid/liquid interface and liquid/vapor interface.
Contact angle can be measured by means of two routes. These two routes are explained briefly in the next
part of this section.
Static contact angle measurement (CA)

An indication of the surface wetting properties of a given material may be obtained by placing a water
droplet on a flat section of the material and measuring the static contact angle between the water droplet and
the surface as shown in figure 6-1.

Figure 6-1 Definition of the static contact angle (θ C ).

Generally, in order to measure the contact angle, the shape of the droplet is somehow estimated using a
mathematical equation. Some methods, such as Young-Laplace estimation try to assess the shape of a complete
droplet taking into account all the factors contributing to the physical equilibrium of a resting droplet, such as
droplet weight or air pressure. Some other methods, such as Tangent method, only fit a specific part of the
droplet (e.g. the vicinity of the three point interface), and produces a faster and easier, but less accurate
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calculation. Generally, a small droplet (less than 10 µL) is deposited on the surface and the shape of the
droplet is estimated using one of the methods available.
Traditionally, a superhydrophobic surface is defined as a surface on which the water contact angle is higher
than 150°. However, some recent studies [101-103] have suggested that the concept of static contact angle
should be completely revisited. They argue that the static contact angle is a random number between the
advancing and receding angles, and is not an accurate indication of wetting characteristics. In order to truly
characterize the wetting behaviour of a surface, the dynamic wetting behaviour should be studied.
Dynamic contact angle measurement

As mentioned in Chapter 3, the dynamic (advancing θa and receding θr) contact angles are defined as the
contact angles on moving liquid fronts [104]. Subsequently, contact angle hysteresis (CAH) is defined as the
difference between the dynamic contact angles. To measure θa and θr on a surface, two methods are commonly
used (figure 6-2):
a) The advancing and receding contact angles can be measured by moving the droplet relative to the
substrate, and thus directly produce the advancing and receding contact angles on two sides of the
drop.
b) Another method, which is widely accepted in the literature, is to deposit a small drop on a surface
and gradually increase its volume. The advancing contact angle can be acquired by measuring the
contact angle right before the droplet baseline expands. Similarly, the receding contact angle can be
determined by reducing the drop volume, and measuring the contact angle right before the droplet
baseline shrinks (figure 6-2 b).

a) advancing contact angle

b) receding contact angle

Figure 6-2 Schematic diagram showing the dynamic contact angle measurement.

6.1.2 Other measurements of hydrophobicity

According to IEC Technical Specification 62073 [105], “Guidance on the measurement of wettability of
insulator surfaces”, there are two other methods, besides contact angle measurement, to estimate the
wettability of an insulator surface:
1. The surface tension of an insulator may be measured by spraying the surface with a range of organic
liquid mixtures with known surface tensions. The time needed for the sprayed-on liquid to break into
distinct droplets can indicate the surface tension.
2. Another method is to compare the visual appearance of a wetted section of an unknown surface with a
series of standard photographs. This is a simple and practical approach where a common spray bottle
is used to spray the area of interest with a fine mist of uncontaminated water (figure 6-3). The wetted
surface is then inspected and categorized according to standardized photographs and descriptions.
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Figure 6-3 The spray bottle method for determining surface wettability.

6.1.3 Hydrophobicity recovery

Hydrophobic recovery is a phenomenon that is exhibited in many of the treatment methods, whereby the water
contact angle increases towards its original value after a period of time, with total recovery to the pre-treated
state which sometimes happens within a few hours. This effect has an impact on the applicability of these
techniques by determining the ‘‘shelf life’’ of the treatment. X‐Ray Photoelectron Spectroscopy (XPS) and contact
angle analysis can be used to characterize hydrophobicity recovery. Some tests can verify and compare the
recovery of hydrophobicity of different materials. Examples for two of them, recovery after immersion and
recovery after contamination (hydrophobicity transfer), are presented below.
Water immersion test

In one specific study [106] a superhydrophobic surface along with a HTV (high temperature vulcanized) rubber
sample were prepared and separately immersed in tap water for 10 days. Water conductivity was measured
to be 240 µS/cm and its temperature was kept constant at 25˚C. After the 10-day period, the samples were
removed from the water and left to dry naturally. Once completely dried, they were sprayed with tap water
and their wettability class was determined.
The determined wetting class over a period of 11 days is shown in figure 6-4. Digital photographs of the
samples after 11 days are also presented in figure 6-5. From these, it is clear that the superhydrophobic
surface maintained its higher wettability class during the immersion test better than standard rubber.

Wettability class changes over time
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Figure 6-4 Wettability class measurements over time.
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superhydrophobic
nanocomposite

HTV silicone rubber

Figure 6-5 Hydrophobicity after 11 days of water immersion.

Hydrophobicity transfer

Several studies have used different characteristics of the surface to estimate the hydrophobic recovery of a
coating. One example presented in [106] uses the same principle utilized for similar applications in [106, 107].
Two series of samples were prepared: 10 sample of a superhydrophobic nanocomposite (70x40x15 mm) and
10 samples of HTV silicon rubber as the control group (120x50x10 mm). The HTV samples originated from
[106] where they are described in detail. The method consisted in measuring resistance of the polluted and
wetted test samples over time in order to estimate the rate of hydrophobic recovery. Two different pollution
levels were chosen. The simple device used for the measurements is shown in figure 6-6 and the results are
presented in figure 6-7. It was shown that the hydrophobic recovery of the superhydrophobic nanocomposite
coated samples was much faster than that of the HTV samples.

Figure 6-6 Test setup for resistance measurement.
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Figure 6-7 Resistance measurement over time (averaged values).

6.2 Characterization of Icephobicity

The icephobic properties of a coating are measured in terms of how effective it is to prevent ice accretion on
the coated surface, and how strongly ice adheres to the surface once formed. These characteristics are
evaluated with ice accretion and ice adhesion tests.
6.2.1 ice accretion test

As ice adhesion is related to the process and type of ice accretion, it becomes important to consider a
representative ice type for the evaluation of icephobicity for coated surfaces. Different types of ice include
glaze ice, dry and wet snow, rime ice (soft and humid) and hoar frost. The process of accretion and
characteristics of these ice types are described in [7].
Artificial ice accretion test

A number of ice accretion tests methods have been proposed for testing the ice flashover performance of
insulators, which are described in IEEE publications and standards [108, 109] as well as in CIGRE publications
[110, 111].
Most of these tests have a few common features that include:
1. Preparation: The insulators are prepared and conditioned before the start of the ice accretion phase to
obtain the correct surface conditions representative of the service conditions and to ensure a
repeatable ice accretion process. In this respect the insulator temperature, surface contamination,
installation configuration and surrounding e-field are important aspects that require consideration.
2. Exposure: After the preparation phase, the insulators are ready for exposure to the conditions
resulting in ice accretion. During this time the test subject is kept under specific environmental conditions
and exposed to a water spray or a flow of chilled water.
3. Quantification: The severity of the ice accretion is quantified when the exposure phase is concluded.
This typically consists of measuring the ice thickness on a round metal rod or tube.
4. Evaluation: The final stage of the test is the evaluation of the insulator flashover performance. The ice
covered insulator is subjected to melting conditions while energized to determine the flashover voltage.
Practically the same test procedure can be used to characterize the ice accretion properties of treated
insulators and conductors [90]. In this case the test is terminated after step 3 to compare the amount of ice
accreted by direct weight measurement. For insulators it is also possible to use the test in its entirety to
determine the effect of differences in ice accretion on the flashover voltage.
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The artificial ice can be accumulated on the samples in indoor tests, cold rooms or icing wind tunnels, but it is
also possible to do this outdoors when temperature and wind conditions are appropriate [110-111]. In this
section two recent examples of conductor ice accretion tests are also presented.
In the first example short conductor samples, shown in figure 6-8, is used. The middle section of the conductor is
coated and then subjected to the artificial outdoor ice accretion test [67].
120cm

Test section (80 cm)
Coated part (minimum 100 cm)
Figure 6-8 Test conductor sample.

For the exposure test, the conductor samples are installed on a rotating drum forming a squirrel cage, as
illustrated in figure 6-9. The drum with conductor samples should be rotating during the exposure test to ensure
that all samples are equally exposed to the water spray. This rotation, at about 6 rpm, also facilitates the
accretion process and prevents the formation of long icicles. Removable covers are applied to the conductor
ends so that only the test section of the conductor is exposed to the freezing water spray. It was possible to
remove the conductor samples from the test rig for weighting without disturbing the ice accretion. An uncoated
test conductor was included on the drum to serve as the reference sample.

Figure 6-9 Illustration of the rotating drum with conductor samples setup for icing test.

Before the accretion phase both the conductor and test area were prepared to create the right conditions for
an effective and repeatable ice accretion. For example, for tests in the climate chamber (45 m3) the ambient
temperature in the hall was kept between -7 °C to -4 °C and the conductor samples had been pre-cooled to
-7 °C for a period of 24 h. This test may also be performed outdoors if the ambient temperature is below
-10 °C, but then the test locations should be selected so that the test samples are not exposed to direst sunshine.
Examples of the indoor and outdoor testing setups are given in figure 6-10.

Figure 6-10 Artificial Ice accretion tests performed in laboratory (left) and outdoors (right).
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For this test two icing types, namely glaze and rime ice were deposited respectively by spraying the conductors
with a high pressure washer, and a spray gun which sprays a mixture of air and water. The amount of ice
accumulated on test samples and the reference conductor is determined by weighting them after ice accretion.
Examples of results achieved are presented in figure 6-11 and figure 6-12 [112]. A few generalized findings
are summarized below:
 In the case of the glaze ice test, it was found that the weight of ice accreted was about the same on the
RTV and superhydrophobic coated conductors. The adhesion strength of the ice to the superhydrophobic
coated conductor, were however significantly lower than that of the RTV coated conductor. It was also
noted that the ice on the superhydrophobic coating had a more bumpy appearance compared to that
of the RTV conductors which was smoother (figure 6-11).
 In the case of rime ice test, it was found that a thinner layer of ice was accreted on the
superhydrophobic coating than on the other conductors tested. There were however no obvious
differences in the appearance of the ice layers between the superhydrophobic and RTV coated
conductors (figure 6-12).

Figure 6-11 Illustration of bumpy appearance of ice accretion on super -hydrophobic conductors.

Figure 6-12 Ice accretion on RTV-coated and superhydrophobic coated conductors.

For the second example of ice accretion test, a small environmental chamber is used to test the ice
accretion properties of small conductor samples. For this test special conductor samples are used. They
are prepared, before applying the coating, by replacing the inner strands of the conductor by a copper
tube. For the test the conductor sample is placed in a double sided environmental chamber as shown in
figure 6-13. The temperature inside the chamber can be controlled by circulating cool air between the
outer and inner walls while the temperature of the conductor is controlled by circulating a coolant through
the tube inside the conductor. A set of nozzles in the roof of the chamber is used to spray the conductor
with cold water or an ultrasonic humidifier can be used to generate a cold fog. The conductor is weighed
before and after the test to determine the amount of ice accreted. An example of ice accretion achieved
on uncoated and coated conductor samples in shown in figure 6-14.
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Figure 6-13 The double sided environmental chamber used for the ice accretion test.

Uncoated Conductor (control)

Coated conductor

Figure 6-14 Example of ice accretion achieved in a small chamber test.
Natural ice accretion test

A simple standard exposure frame can be used to expose samples to the environment during natural ice storms
to determine the icephobic properties of the coatings. An example of such a test frame is shown in figure 6-15.
Regular visual inspections were done during periods of freezing temperature. Usually these inspections were
carried out early in the morning, before the samples were exposed to direct sunlight to determine the degree
of ice or frost accretion on the sample surface. Inspections were also performed after periods of snowfall.
After the visual inspections, the samples were also sprayed with fine water mist to determine if the water
droplets would freeze onto the coating surface. Pictures were taken as visual record of the extent of ice
accretion.

Figure 6-15 An example of a natural ice accretion test frame.

A similar exposure rig can be used to evaluate ice accretion on conductors in natural conditions.
An example of a full scale conductor natural exposure test site is given in figure 6-16a. The tests were carried
with uncoated ACSR and coated copper conductors (figure 6-16b). Details can be found in Annex B.
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a) The Deadwater Fell test site viewed from the b) The tested Cu conductor fitted with vibration
North end of the 190 m test span
monitors and load cells
Figure 6-16 Example of natural exposure test site.

6.2.2 ice adhesion test

Ice and wet snow adhesion to outdoor surfaces is known to cause serious problems to power transmission lines,
aircrafts, boats, etc. Ice adheres strongly to almost all surfaces and yet, test methods to evaluate the strength of
ice adhesion to surfaces are scarce. A few test methods do exist but they are complicated and time consuming.
Moreover, they are quite expensive. An overview of the methods that are commonly used is presented in this
section.
Pulling test

In this method, the adhesion strength of ice is evaluated by measuring the force required to detach the ice
grown on a sample surface by mechanically pulling the ice from the surface (figure 6-17). A thermocoal block
with a hole drilled through its center with the sample affixed at one end is used as the mold to grow the ice.
The ice is grown by freezing de-ionized water at ~ -20 °C. The ice grown on the sample is then separated
from the mold by cleaving off the thermocoal surrounding the cylindrical column of ice. The apparatus used to
test the adhesion strength of ice mainly consists of a stand holding a pulley and a strong base to hold the
sample with the intact ice. A cord goes over the pulley to a spring balance attached to the ice on the sample.
With the sample fixed to a base, the ice is slowly pulled vertically upwards by applying a force to the free
end of the cord. The force needed to detach the ice from the surface is read from the spring balance providing
the force of adhesion and hence the adhesion strength  = F/A, where A is the geometric contact area
between the ice and the surface. The force can be determined from F = mg, where m is the mass required to
detach the ice from the sample surface and g is the gravitational force. This method is useful in determining the
adhesion strength of ice on hydrophilic samples as ice adheres strongly on those surfaces with lower water
contact angles.

Figure 6-17 Photograph of the apparatus used to measure the ice adhesion strength.
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Icephobicity is characterized by measuring the ice adhesion strength on a protected surface covered with ice.
This is generally done by measuring the force necessary to break the bond between the ice and the substrate.
At present there are no standard tests available; therefore, various organizations have developed different
procedures to measure icephobicity.
Centrifugal chamber method

A centrifugal apparatus was designed and developed in-house at Université du Québec à Chicoutimi (UQAC)
for measuring the ice adhesion strength on various surfaces. [63, 112]. In this method, test samples (32 mm x 50
mm) with accumulated ice are mounted at one end of an aluminum beam (32 mm wide and 30 cm long). A
counter weight is attached to the other end to balance the beam. The beam is then fixed in the home-built
centrifuge test chamber (figure 6-18) which is maintained at -10 °C. By rotating the beam at increasing speed,
a controlled ramp of the centrifugal force can be achieved. When this force reaches the adhesion force of the
ice, the ice detaches from the sample surface. The exact rotation speed at the time of ice detachment is
determined using the controlling software, which was also developed in-house. The adhesion force F = mr2 is
determined after the ice detaches, where m is the mass of ice, r is the radius of the beam, and  is the rotation
speed. The shear adhesion strength ( = F/A) of ice is then determined from the apparent area A of the
sample surface which was in contact with the ice.

Figure 6-18 Centrifugal chamber where the ice-covered samples are fixed on the sample holder
and the Al beam rotated under computer control.

Sliding weight method

For testing the ice adhesion in field conditions a sliding weight method was proposed by Scandinavian power
companies. Figure 6-19 shows a tool used for comparing the adhesion force between two different surfaces
[66, 67]. It is important to standardize the impact on the ice coverage and to measure it in field outdoor
conditions. Thus, a weight of 1.42 kg which can slide on a rod is used. The rod is placed, resting by its own
weight, on the conductor. The weight is let down on the conductor, first from half the length of the rod, 15 cm,
then from the full length, 30 cm. These two actions are referred to as “half punch” and “full punch”,
respectively. Such a simple device made it possible to quantify the difference in adhesion strength of ice for
surfaces with different coatings applied. For example, the adhesion strengths of rime ice on RTV-coated
conductors was found to be less than that for rime ice on bare metal conductors [104].
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Figure 6-19 A demonstration of the sliding weight method.

Ice push off test

At the Electric Power Research Institute (EPRI) in the US an ice push off test is used to assess the icephobicity of
coatings. The test setup is shown in figure 6-20. For this test, coated flat samples are placed on a cold plate
cooler that is in line with a linear motion table that has a force gauge secured to it. Three ice forms are placed
equally spaced directly in line with the force gauge’s probe, and then filled with distilled water. The cold plate
is then powered on and set to a target temperature of -10°C.
Once the ice samples have frozen, the ice forms are carefully removed, exposing a frozen ice column. Then, the
motion table, controlled by a servo motor and drive, moves the force gauge secured to it at a velocity of
1mm/second. The force gauge’s probe pushes against the ice column and the peak force is measured when the
ice column detaches from the coated surface. The test is then repeated with the two remaining ice columns.
The peak force (F) is then divided by the cross sectional area of the ice column (A) resulting in the shear
strength, :

Figure 6-20 The ice push off test (courtesy of EPRI).

Conductor Ice Pull off test

Using a rod, wire and manufactured conductor to which the coating has been applied, a simple method has
been developed to measure the ice adhesion to wires. For this test a wire is immersed into a container with
water, which is then frozen. Figure 6-21 shows the container with the conductor frozen into the ice.
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Figure 6-21 Image of wire immersed within an ice block (courtesy of LaFarga).

The wire is positioned at the center of the container and kept in place with a rubber lid, which has a hole in its
center through which the wire goes, as seen in figure 6-22. It is important to measure accurately the contact
surface between the wire and the ice.
Ice adhesion strength on the conductor is measured by pulling the wire from the ice, as shown in figure 6-22.
The pull out force is measured with a standard dynamometer. As shown in figure 6-22 for the pull test the
container is clamped into a bench vice and the wire is attached to the dynamometer through a hook.

Figure 6-22 Image of the ice-adhesion test.

6.3 Self-cleaning properties

The self-cleaning ability of coatings is determined by artificially applying a contamination layer onto the
coating and then by measuring the washing effect by spraying the contaminated sample with a spray bottle.
This method is still in development, and a repeatable method needs to be found to apply the contamination
layer. It was found that the artificial contamination method proposed for hydrophobic insulators [113] was
unsuitable for superhydrophobic coatings. With this method the hydrophobic properties of silicone rubber is
masked by the application of dry kaolin or kieselguhr powder. After hydrophobicity is suppressed, it becomes
possible to use a flow or dipping method to apply the contamination slurry to the insulator. On
superhydrophobic coatings, it was found that the dry powder did not have the intended masking effect, which
made it impossible to wet the insulator with the contamination slurry.
Currently, an entirely new method to evaluate the self-cleaning properties of a coating is in development. In
this method, a layer of condensed water is deposited on the coating surface to capture and bind a dry
contamination mix applied by airflow. The initial results with this method look promising as it was possible to
generate a contamination deposit on the samples. Some examples are shown in figure 6-23. After the
deposition and drying of the applied contamination, the hydrophobicity spray bottle test is used on tilted
samples to test the self-cleaning ability of the coating.
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Figure 6-23 Results of the self-cleaning test for superhydrophobic coatings.

For testing under more realistic conditions a natural exposure rig, as shown in figure 6-24, may be set up at a
site in a contaminated area. Standard ESDD (Equivalent Salt Deposit Density [10] measurements are taken at
regular intervals to track the build-up of contamination on the coated insulator samples. Some modification to
the standardized ESDD method may, however, be necessary for textured surfaces as the cotton strands from
the pad used for swabbing may become ensnared in the surface structure. In such cases, an alternative solution
could be to dunk the insulator into a container with the distilled wash water.

Figure 6-24 The Tier 2 natural contamination test.

Both these contamination accumulation tests are not standardized.
6.4 Anti-corrosion characteristics

Coatings play an important role in corrosion control, used either alone or as part of an overall strategy of
corrosion control. Generally, the anti-corrosion properties of the coatings originate from the pigments used in
coating formulation. Anti-corrosive coatings can be categorized into three types according to their pigments:


Inhibitive coatings (passive): These pigments are slightly soluble in water and react to form a passive
film on the substrate, which reduces the corrosion of the latter. They are in the form of metal oxides such
as molybdates, phosphates or chromates (zinc or lead). In this category we also find barium
metaborate, silicates, and some ion exchangers based on silica and calcium salts.
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Barrier coatings: These pigments prevent or slow the moisture absorption on the substrate. The
micaceous iron oxide, mica, aluminum, zinc, stainless steel and nickel flake are part of this category.
Zinc-rich coatings (sacrificial pigments): These are used for the cathodic protection of steel. They are in
the form of zinc dust, oxide or zinc carbonate. Because zinc will oxidize preferentially to steel, the steel
will be protected.

Corrosion is usually driven by some electrochemical non-homogeneity in the metal or its environment. In this
process, different areas of the metal, having different levels of free energy and therefore different corrosion
potentials, become the electrodes of an electrochemical cell in contact with a common electrolyte. A corrosion
test is a type of materials test in which the goal is to determine a material's sensitivity to chemical reactions that
might cause damage. Typically, all conventional corrosion testing methods are expensive and time consuming.
There are three major types of corrosion tests: Laboratory, Field, and Service Testing.
In the first two tests, the four major factors in accelerated weathering are: moisture, oxygen, sunlight and heat.
Standard testing procedures have been set up for various laboratory tests and are given in Table 6-1.
Pollution can also be considered as a fifth factor but since the type and level of pollution can vary
dramatically, even on a small distance, there is no universal test. Such accelerated testing for assessment of
corrosion performance should only be used for comparative purposes. No direct correlation with natural
weathering should be made because there is no test that is proven to give results similar to natural weathering.
Table 6-1 Summary of Specific Laboratory Corrosion Tests and Their Corresponding Standards

Accelerated weathering
Salt fog

ASTM Standard
B 117 [114], G85 [115]

Cyclic salt fog/UV

D5894 [117]

ISO Standard
15110-1 [116]
16151 [118]
11997 [119]

6.5 Visual characteristics

Overhead lines are technical objects in the landscape and are often under discussion. Many methods and
approaches have been developed worldwide to get greater acceptances from the public. One of these
methods is to camouflage lines so that they blend into the environment. The visibility of overhead lines and the
impression on the general public can be reduced if they are coated in an appropriate colour. In some regions,
one of the preconditions to get permission for the building of an overhead line is that the towers are to be
coated to give a particular desired colour. Often sunlight reflection effects from newly erected galvanized
towers and of conductors is a source of annoyance for some landowners. Coating of conductors for reducing
ice accretion may reduce the visibility. On the other hand, if camouflage of conductors is needed, the coating
may be selected with properties to reduce ice accretion.
The visual impact of conductors and insulators (and other components of the OHL) varies depending on their
appearance (i.e. colour, degree to which its surface reflects sunlight and size), the background (e.g. sky, land,
and forest), illumination effects caused due to service operation (e.g. corona) and visibility. Due to the large
number of parameters, it was decided first to compare visibility through a simple direct comparative test where
samples of coated conductors were mounted in an outdoor rig (figure 6-25) [68]. Differences in visibility of the
conductor types were documented and compared through the photographs taken under different weather
conditions and averaged ranking from 8 inspectors.
The untreated, RTV coated and blasted conductors were found to be the least visible. The dark conductors
(painted or acid treated) were generally found to be the most visible. The visibility of the superhydrophobic
conductor generally fell between these two extreme cases, except in bright sunlight when it was found to be the
most visible (figure 6-25).
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Figure 6-25 Example of picture for ranking of visual impact of different conductors. A-painted; Bacid; C-blasted; D-RTV; E-new; F-superhydrophobic (nano).

The visual impact of coated conductors can also be assessed on actual transmission lines. By careful selection of
locations for coated conductor sections and positioning web-cameras, the visual impact of the conductor can be
assessed against different backgrounds (e.g. forest, sky etc.) under different weather conditions (figure 6-26).
The results of this investigation showed that it was possible to quantify the visibility of insulators by an observer
in an objective way [120].

Figure 6-26 Typical image of one tower with three different insulators (coatings) and three
different backgrounds captured from the test site.

The effectiveness of coating conductors and structures was demonstrated when a 380 kV double circuit
“camouflage line” with dark green coated towers, conductors and fittings was erected in the Austrian Alps in
the 1990s. It is of course difficult to show a nearly invisible OHL with a picture. Figure 6-27 shows two 380 kV
towers, one close to the other: on the left a well visible galvanized tower (not coated line) and on the right a
nearly invisible camouflage line (the chimneys from the foundation can be seen and indicate the location of the
tower). As explained above the camouflage effect strongly depends on the colour of the background and the
diversity of the landscape.
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Figure 6-27 A non-camouflage and camouflage line in the Austrian Alps.

The introduction of coloured coated overhead line conductors (green or blue) has a major environmental
advantage in terms of visual impact. However, it should be kept in mind that an “invisible” conductor could
present obstacles to birds, paragliders, helicopters, airplanes, etc. Hence, power lines located in areas with
high air traffic should be marked to avoid incidents.
6.6 Concluding remarks

Coatings are applied to power network equipment to provide their surfaces with specific functional properties.
At the present time, there are only a few standardized tests to characterize these properties. Various
institutions have, however, elaborated various test methods for this purpose. In this chapter brief descriptions for
methods to measure or quantify the hydrophobicity, and icephobicity of coatings are provided. Furthermore,
approaches for assessing the self-cleaning and anti-corrosion properties of coatings as well as their visual
impact were discussed. Further investigations are needed to establish standard methods to characterize the
functional properties of coatings.
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Chapter 7: TEST METHODS FOR CHARACTERIZING THE COATING
Coatings and surface treatment should not only provide good functional properties but should also have
favourable intrinsic properties to fulfil their function. In this chapter, test methods for characterizing the coatings
are listed and described. In this regard the following characteristics are considered: material, electrical,
thermal and mechanical.
7.1 Intrinsic material properties:
7.1.1 Coating Thickness

Thickness of the coating is a sum of all layer thicknesses. Thickness of a non-homogeneous layer shall be
estimated as the maximal geometric size of the contained particles. Thickness of the coating shall be measured
according to the ISO 2808 [121], ASTM D1005 [122], D4414 [123], D5796 [124], B504 [125] standards.
7.1.2 Density

The density of a coating is its weight per unit volume of the coating, surface or length of the substrate. Density
of the coating shall be tested according to the ISO 2811[126], ASTM D1475 [127] standards.

7.1.3 Hardness

Hardness is a measure of how resistant a coating is to permanent deformation when subject to a compressive
force. Hardness depends on various material properties including ductility, elastic stiffness, plasticity, strain,
strength, toughness, viscoelasticity, and viscosity. The measuring standard technics can be find in ASTM D3363
[128] or ISO 15184 [129].

7.2 Coating/Material interface characteristics

Electrochemical methods look at the reaction mechanism at the interface of a system such as a substrate and a
coating. An electrochemical method, such as EIS (Electrochemical Impedance Spectroscopy) gives information
about the reaction mechanism of an electrochemical process: different reaction steps will dominate at certain
frequencies. Information obtained includes detection of coating holidays (voids), time to corrosion failure due to
water penetration and absorption, measurement of resistance and capacitance changes in coatings, corrosion
rate measurements, undercoat corrosion, measurement of activity in holidays or pores through coatings,
corrosion resistance due to a protective coating on metal in various electrolytes [130].
Comparison between Electrochemical Impedance Spectroscopy (EIS) and electrical impedance can be made.
The reactions happening at the interface of a system can be modelled by an equivalent electric circuit. Each
component of the electric circuit represents a physical phenomenon.
In this technique, a small amplitude signal, usually a voltage between 5 to 50 mV is applied to a specimen over
a range of frequencies of 0.001 Hz to 100,000 Hz. The real (resistance) and imaginary (capacitance)
components of the impedance response of the system is measured. Depending on the shape of the EIS spectrum,
an electric circuit model is assumed to fit the EIS spectrum. By fitting the EIS data, it is possible to obtain a set
of parameters which can be correlated with the coating condition and the corrosion of the steel substrate.
Often, data obtained by EIS is expressed graphically in a Bode plot or a Nyquist plot [131].
Figure 7-1 shows various equivalent electric circuits used. The best known model used for paint is from Beaunier
[132] (figure 7-1e). A first group is for film characteristics such as pore resistance and film capacity. The second
group characterizes the mechanisms happening at the interface of paint and steel (Rtc: charge transfer, Cdc:
double layer capacity,) Re is for the electrolyte resistance.
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Figure 7-1 Equivalent electric circuits.

Other electrochemical methods can also be used such as voltammetry, chronoamperometry or
chronopotentiometry. Those methods are stationary measurement which means that either the current or the
potential remains constant through the test. These techniques give information more about the thermodynamics
of a system. The ASTM standards for the electrochemical methods are: G-59 [133], G-106 [134] and
ISO16773-1 to 3 [135].
7.3 Electrical characteristics
7.3.1 Dielectric Test

The dielectric strength of coatings is a concern in situations where the coating may interfere when there is a
need to make good electrical connections. This may be the case for example when applying temporary
grounding connections for work on the line.
The dielectric test is performed on conductor coatings which are applied to flat aluminum samples. A
commercial dielectric tester is connected to the sample with the ground lead connected to the metal substrate
and the high voltage probe (via a pointed probe) to an electrode that rests on the surface of the coating. The
test setup is shown in figure 7-2. The HV electrode used is as specified in IEC 62217 [136] for the high voltage
test on the core material.

Figure 7-2 The dielectric test for conductor coatings.

The dielectric tester has an automated test sequence which starts at the minimum output voltage and slowly
increases the voltage until the material breaks down. The test is repeated at various locations on the coating
surface to obtain statistical information on the uniformity of the results.
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7.3.2 Corona Audible Noise test

Corona is an incomplete electrical discharge due to ionisation of the air surrounding a conductor or fitting
caused by a voltage gradient exceeding a certain threshold value. The most important design influence on the
corona-generated effects produced by any high-voltage line is the electric field in the direct vicinity of the
conductors and metal hardware [137, 138]. Electrical installations are normally designed to be corona free
during normal operation and fair weather conditions. However, foul weather like rain, fog, snow and hoar frost
may result in corona on high voltage overhead transmission lines. This is because protrusions such as water
droplets on the conductor enhance the electric field in the vicinity of the droplet to a level exceeding the
threshold level necessary for corona.
Such corona discharges are perceivable as a broadband crackling and hissing noise, situated mainly in the
frequency range of one up to several kilohertz. In such situations the audible noise is generally complemented
by an additional component of a low tone at twice the mains frequency (2f, i.e. mostly 100 Hz) and its higher
harmonics [137]. In addition, corona on transmission line conductors may result in substantial increase in line
losses during hoarfrost or wet snow conditions [13].
It has been shown that the surface condition of conductors has a strong influence on their corona performance.
Hydrophobic conductors (i.e. new or RTV-coated) tend to have higher corona noise levels under wet conditions
than hydrophilic (i.e. service-aged or intentionally sand-blasted) conductors [139,140]. This is because of the
formation of individual water droplets anywhere on the conductor surface, initiating corona discharge, as shown
in figure 7-3.

Figure 7-3 On-site test of wettability in the southern part of Germany [146].

The corona performance of overhead line conductors may therefore be impacted when a hydrophobic or
icephobic coating is applied. This can be quantified by measuring the audible noise of dry and wet coated
conductor samples at predetermined surface electric field levels. Ideally corona measurements should be
performed on a 3-phase test setup that replicates the actual surface electric fields on the phase conductors.
Besides the expense involved in such testing, the results are also not generally applicable to other line
configurations. More practical methods have therefore been devised, allowing corona measurements to be
performed on a single phase conductor setup. The outcome of such testing is then used to predict the corona
performance of actual lines through the application of generation quantities [140]. Examples of single phase
corona test setups are (1) corona cages and (2) a single phase above ground conductor.
Audible noise measurements in a corona cage

Coated conductors are installed in a co-axial setup (i.e. corona cage) and energized to various voltages
representative of typical surface E-field levels. Examples of corona cages are shown in figure 7-4. The
conductor remains energized for a period of time while the audible noise is measured by a sound meter. The
test is performed under both dry and wet conditions. The dry test is performed first. It has duration of 1 minute
during which the sound level recorded every 30 seconds. This is followed by the wet test. Before the voltage is
applied, the conductor is thoroughly wetted using spray bottles filled with tap water. The conductor is then
energized and sound level measured at a regular time interval to determine the level and falloff of the noise
as the conductor dries out. The duration of the wet test is 5 minutes and the sound level is recorded with a time
interval of 30 seconds. This test simulates the corona noise on conductors just after a rain because at this time
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the conductor corona noise becomes more noticeable as it is still at a high level while the background rain noise
quiets down

UHV Corona Cage.

HV Cage.

Figure 7-4 Examples of corona cage setup that can be used for audible noise measurements
(courtesy of EPRI).
Audible noise measurements on a single phase above ground set up

Corona audible noise measurements can also be performed on a single phase to ground setup as shown in
figure 7-5. For this test Audible Noise (AN) measurements were performed under dry and wet (rain) conditions
on different conductors, i.e. new, sandblasted, painted, RTV-coated and superhydrophobic conductors [104].
The conductors were strained horizontally one by one 2 m above the floor in a climate test hall. The audible
noise was measured with a sound analyser placed at a horizontal distance of 4 m from the conductor and 1 m
above the floor. The equipment was configured to record spectrum from 10 Hz to 20 kHz for 1 min intervals.
The rain was created by utilization of 10 nozzles mounted on a horizontal beam hung parallel to the conductor,
as shown in figure 7-5. The arrangement resulted in an average rain intensity of 3. 5 mm/h at the conductor,
which is equivalent to a “light summer rain” (however, it is much higher than standard rain of IEC, 1-2 mm/min).
Tests were performed in dry and rain conditions at representative maximum voltage gradients of 12, 14, 16,
18 and 20 kV rms /cm, which were achieved by adjusting the test voltage. The test procedure comprised
twelve measurements: measurement of dry background noise (reference spectrum), application and stepwise
increase of voltage with noise measurement at each voltage level, application of rain and measurement of
noise at each voltage level, and finally, switch off and measurement of wet (rain) background noise level.

Figure 7-5 Test setup for AN test.
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The test results, presented in figure 7-6, showed that the AN levels during rain on the various coated conductors
were remarkably similar. The AN measurements were taken during rain and the noise contribution of the corona
was obtained by subtracting the background noise levels from the total noise measurements. For this reason it
was not possible to compare the findings of this test with those presented for the corona cage test in the
previous section, which was done after the wetting had been stopped.
Observations of the behaviour of water droplets on the conductor during the test have shown that there are
significant differences between the superhydrophobic and untreated “aged” conductors. Figure 7-7 shows that
water droplets rest on top of the conductor whereas in figure 7-8, it can be seen that the water droplets hangs
below the untreated aged conductor. It is also interesting to note in figure 7-7 how the water droplets deform
into pointy shapes as the electric field increases. The lower photo in figure 7-7 shows the de-energized
conductor, the middle picture is taken at the corona inception surface gradient, and the top picture at a surface
gradient well above corona inception. At this high field gradient small water droplets are expelled from the
main drop on the conductor surface.
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Figure 7-6 Test results for AN test (acid treated conductor is much shorter and should not be
compared with others).

Figure 7-7 Change of form of water drops under rain on the superhydrophobic surface at
different levels of voltage gradient.

Figure 7-8 Water drops at new conductor (classical performance).
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7.3.3 Surface conductance of an insulator

The surface conductance of an insulator, which is the ratio of the power frequency current flowing over a
wetted insulator surface to voltage apply to the insulator (I/V), can represent the level of contamination on the
insulator surface. The applied voltage should be high enough to obtain sufficient current. On the other hand the
formation of dry-bands and discharge activity should be avoided by energizing the insulator only for a short
time duration. In standardized tests steam fog is used to achieve condensation on the insulator in a repeatable
way [141].
Insulator surface conductance is not directly usable, since it is dependent on the insulator dimensions (i.e.
leakage path length, diameter etc.). It is therefore more useful to express the severity of the contamination in
terms of the surface conductivity [10]. There are also devices available to directly measure the surface
conductivity as described in IEC 60507 [141].
7.4 Thermal characteristics

Thermal characteristics are obtained by thermal analysis which encompasses a variety of techniques used to
measure change in material properties with changes in temperature. The information obtained from these
techniques can be divided into three categories [142]:
 Intrinsic properties, such as glass tension temperature, Tg
 Processing properties
 Product properties
Some of these techniques are described below.
Differential Scanning Calorimetry (DSC): heat difference
DSC measures the difference in heat flow between a sample and a reference under controlled thermal
conditions providing quantitative and qualitative data on endothermic and exothermic processes. DSC can be
used to measure:
 Glass transition temperature Tg
 Melting temperatures
 Heat of fusion
 Cure temperature
 Degree of cure
 Crystalline phase change
Differential Thermal Analysis (DTA): temperature difference
DTA is similar to DSC. In this technique it is the heat flow to the sample and reference that remains the same
rather than the temperature. Changes in the sample, either exothermic or endothermic, can be detected
relatively to the inert reference. The data obtained from DTA is similar to that obtained from DSC. DTA can be
used to measure:
 Glass transition temperature Tg
 Crystallization
 Melting
 Sublimation
Thermogravimetric Analysis (TGA): mass
TGA measures change in sample mass as a function of time or temperature. It can be interfaced with a mass
spectrometer RGA to identify and measure the vapours generated, though there is greater sensitivity in two
separate measurements. TG can be used to measure:
 Thermal stability
 Accelerated ageing
 Decomposition kinetics
 Oxidation stability
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Thermomechanical Analysis (TMA) or Dilatometry Thermal Analysis (DTA): dimension
TMA measures changes related to sample dimension as a function of time or temperature. TMA can be used to
measure:
 Coefficient of linear thermal expansion (α)
 Transition temperature
 Determine degree of crystallinity
Dynamic Mechanical Analysis (DMA): mechanical stiffness and damping
DMA, also known as dynamic mechanical spectroscopy is a technique used to study the viscoelastic behavior of
polymers. In this method, a sinusoidal stress is applied and the strain in the material is measured, allowing it to
determine the complex modulus of the material. The temperature of the sample or the frequency of the stress is
often varied, leading to variations in the complex modulus. DMA can be used to measure:
 Glass transition temperature
 Transition corresponding to other molecular motions
Dielectric thermal Analysis (DEA): dielectric permittivity and loss factor
DEA is similar to DMA. An oscillating electrical field is used instead of a mechanical force. The great advantage
of DEA is that it can be employed not only on a laboratory scale, but also during a process.
Table 7-1present some of the ASTM techniques that can be used for thermal analysis.
Table 7-1 ASTM standards used for thermal analysis

Thermal techniques
Thermogravimetric (TGA)

Thermomecanical (TMA)

ASTM standard
D2584 – Standard Test Method for Ignition Loss
of Cured Reinforced Resins [143],
E1131–Standard Test Method for Compositional
Analysis by thermogravimetry [144]
E831– Standard Test Method for Linear Thermal
Expansion of Solid Materials by TMA, [145]
E1545 – Standard Test Method for Assignment
of the Glass Transition Temperature by TMA
[146]

7.5 Mechanical characterization

Mechanical characterization shall be tested according to the following standards:







Adhesion: ASTM D4541 [147] or ISO 4624 [148] and ASTM D3359 [149] or ISO 2409 [150]
tensile strength: ISO527 [151]
scratch resistance: ISO 1518 [152]
tear resistance: ISO 1520 [153]
impact resistance: ISO 6272 [154], ASTM D2794 [155]
bending elasticity: ISO 1519 [156]

As examples of mechanical characterization according to the above standards, the two following methods are
presented for adhesion measurement of a coating on a substrate.
Measuring adhesion by tensile strength

The adhesion of the coating to the substrate is measured according to the test method of ASTM D4541 [147].
For this test a loading feature, called a dolly, is fixed to the coating with a special adhesive. The adhesion
strength of the coating is then determined with a pull-off test using a portable tester, as shown in figure 7-9.
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Figure 7-9 Portable pull-off adhesion tester.

The pressure required to separate the dolly from the coating is noted as well as the failure interface. The
location of the failure is described by a code based on the following abbreviations:






A: Substrate
B: First coat
C: Second coat
Y: Adhesive
Z: Dolly.

In addition, the failure interface is inspected to determine the relative proportions of the different failure
interfaces (i.e. % Adhesion Failure; % Cohesion Failure and % Glue Failure).
This test can only be performed on visible coatings and not on transparent coatings or surface treatments.
Measuring adhesion by tape test

The adhesion resistance of the coating to the substrate is measured according to the test methods of ASTM
D3359 [149].
Test method B (i.e. cross hatch test) is used for assessing thin superhydrophobic and self-cleaning coatings (i.e. <
125 μm coating thickness). Briefly the method is as follows:
 A right-angled lattice pattern is cut into the coating with a special cross hatch cutter;
 Adhesive tape is applied over the lattice cuts and then removed;
 The amount of coating removed from the hatch pattern is then evaluated against a standard
classification guide.
This appearance of the cut pattern is classified as follows:
 ASTM 5B: The edges of the cuts are completely smooth. None of the squares of the lattice is cut.
 ASTM 4B: Small flakes of the coating are detached at intersections. Less than 5% of the area is
affected.
 ASTM 3B: Small flakes of the coating are detached along the edges and at intersections of cuts. The
area affected is 5% to 15% of the lattice.
 ASTM 2B: The coating has flaked along the edges and on parts of the squares. The area affected is
15% to 35% of the lattice.
 ASTM 1B: The coating has flaked along the edges of cuts in large ribbons and whole squares have
detached. The area affected is 35% to 65% of the lattice.
 ASTM 0B: Flaking and detachment worse than grade 1B.
For the thicker RTV silicone rubber coatings (i.e. > 125 μm coating thickness) Test method A is used for the
assessment. Briefly the method is as follows:
 Two cuts at an angle of approximately 45o are made into the coating with a special cutter.
 Adhesive tape is applied over the cut intersection and then removed.
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The amount of coating removed from the cut intersection is then evaluated against a standard
classification guide.

The visual appearance of the cut pattern is classified on a scale of 0A to 5A as for Method B. Classification 5A
is the best and 0A the worst.
This test can only be performed on visible coatings and not on transparent coatings or surface treatments.
7.6 Concluding remarks

Extensive testing is required to ensure that coatings have the correct properties in order to fulfil their intended
function. Fortunately there are a large number of standards already available for such testing. In many cases
these standards may also be applied, with some modifications, to coatings. A summary of pertinent
characteristics that should be tested is presented. This includes determination of the intrinsic material properties
of the coatings’, as well as their electrical and mechanical characteristics. However, there is still a need for
further refinement of existing tests and development of new tests, as the strengths and weaknesses of these new
coatings are discovered. The durability of the coatings is another important performance aspect which will be
discussed in the chapter.
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Chapter 8: VERIFYING THE DURABILITY OF COATINGS
A key requirement for any technology, applied to power network equipment, is that it should maintain its
functional properties for an extended period of time, certainly when considering that the expected lifetime of
power equipment is typically more than 50 years and the maintenance intervals can be in the order of several
years. In addition, the cost and practicality of maintaining or replacing coatings must be factored in when
considering their application. The cost of the coating itself is usually low compared to the total cost of applying
the coating. Besides, in many cases it may also be difficult to obtain access to the line or substation for
maintenance due to restrictions on planned power outages. Service experience show that high quality room
temperature vulcanized (RTV) silicone rubber coatings can have a useful life expectancy of10 years or more.
Since RTV coatings are widely used as palliative, their performance can be used as benchmark for new
insulator or conductor coatings.
Taking into account the above considerations, there is a clear motivation to subject new coating technologies to
extensive durability testing. Stresses that need to be considered are: environmental, electrical, mechanical
wear and tear.
8.1 Environmental tests

8.1.1 UltraViolet Tests

Sunlight is an important cause of damage to coatings. Short-wavelength ultraviolet (UV) light has long been
recognized as being responsible for most of this damage. Accelerated weathering testers use a wide variety of
light sources to simulate sunlight and the damage that it causes. UV weathering is evaluated by exposing a
coated sample to accelerated weathering (UV, humidity and temperature) for 2 000 hours.
Evaluation is based on colour change and gloss retention (ASTM D4587) [157].
Xenon Arc UV testing

The UV resistance of the coatings is tested in the weather-o-meter simulated environmental test according to
ASTM G155 [158]. UV weathering is evaluated by exposing a coated sample to an accelerated weathering
cycle (UV, humidity and temperature) for 2 000 hours. Each cycle consists of 4 hours of dry UVA exposure at
60 °C, followed by 4 hours of condensation exposure at 40 °C without UV radiation. The light spectrum of this
lamp matches closely that of the sun. The test chamber in operation is shown in figure 8-1a.

a) UV chamber in operation

b) Insulator coating test on small spool insulator

Figure 8-1The Xenon Arc UV test chamber in operation(courtesy of EPRI).
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The coating is visually inspected after the test according to the criteria listed in ASTM G151 [159] after the test
for signs of deterioration such as chalking, cracking or blistering and changes in hydrophobic properties.
Although this xenon arc test is usually performed on flat, or cylindrical samples, the chambers have sufficient
space to test small coated conductors or small spool insulator – see an example of such a test in figure 8-1b.
Fluorescent UV testing

Another UV resistance test for the coatings is the UV-con test according to ASTM G154 [160]. The test objects
are installed inside a cabinet and are exposed to light from fluorescent lamps and to high humidity for 2 000
hours. A photo of the UV-Con test cabinet is shown in figure 8-2.
The coating is visually inspected according to the criteria listed in ASTM G151 [159] after the test for signs of
deterioration such as chalking, cracking, blistering, chalking and changes in hydrophobic properties.

Figure 8-2 The UV-Con test cabinet.

8.1.2 Humidity Chamber

The response of the coating to extended periods of high humidity is determined in the humidity chamber test.
The coated samples are placed on a flat surface with the coating facing upward in an enclosed chamber. Cold
humid air supplied by an ultrasonic humidifier is injected into the chamber to keep the relative humidity at
100 % for 100 hours. A photo of the chamber and test object placement is shown in figure 8-3.

The inside of the humidity chamber

Test object placement in the humidity chamber

Figure 8-3 The humidity chamber.
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The test sample is visually inspected for deterioration such as debonding and the surface hydrophobicity is
measured after the test.
8.1.3 Temperature Cycling

The test samples are subjected to temperature cycles to verify the coating’s ability to handle temperature
changes with a temperature cycle based on ANSI C29.2 [161] with modified temperature maximums. Over a
24-hour period the temperature is increased over 4 hours to a temperature of 60 oC after which it is soaked
for 8 hours, the temperature is then lowered to -20 oC over 4 hours and again soaked for 8 hours. The cycle is
repeated four times for a total test duration of 96 h.
The test sample is visually inspected and the surface hydrophobicity is measured after the test.
8.1.4 Heat stability

Heat stability resistance is assessed by evaluating the behaviour of coatings on flat or bent samples, subjected
to accelerated ageing by temperature. The samples are maintained continuously in a dry atmosphere at a
defined temperature.
Evaluation is based on colour change and/or physical-chemical properties of coating (ASTM D5324) [162].
8.1.5 Other environmental tests

A resistance of the coating shall be verified by the sequence of related tests:
 Resistance to SO2 shall be tested according to the ISO 3231 [163]
 Resistance to salt fog shall be tested according to the ISO 9227 [164]
 Resistance to cyclic corrosion shall be tested according to the ISO 11997 [119]
 Resistance to abrasive wear shall be tested according to the ISO 7784 [165]
 Resistance to ozone shall be tested according to the ISO 1431-1 [166].
8.2 Electrical tests
8.2.1 Inclined plane test

The tracking and erosion performance of the coatings when energized are tested with the inclined plane test as
described in ASTM D2303 [167] or IEC 60587 [168]. For this test the coated sample is installed at an angle of
45o with clamp on electrodes installed at the top and bottom of the sample, as seen in figure 8-4. A mixture of
salt water and a wetting agent is streamed across the sample between the electrodes. The contamination
solution is pumped at a constant rate of 0.075 ml/min. The standards describe two energization options:
1. Constant voltage method, where the sample is energized at a predetermined, but constant voltage
level during the whole test duration of 6 hours
2. Stepwise voltage method, where the voltage is increased every hour by 250 V in a stepwise manner.
The starting voltage is selected to represent an appropriate stress level. In this case the test duration is
4 hours.
Since this test has been developed for bulk insulation materials some adjustment to the test voltage used is
necessary to accommodate the much smaller material thickness of these coatings. In general this means that a
lower test voltage is used for the tests on coatings.
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Figure 8-4 The Inclined Plane test (courtesy of EPRI).

The performance of the coating is measured by the time it takes for tracking or for erosion to extend across
half the sample length (1 inch).
8.2.2 Corona Exposure Test

Corona exposure stress is considered as an important factor affecting the life of a coating. Important aging
factors are:
 Ozone, which can be studied independently from corona. CIGRE WG D1.14 [64] set up a project
group dealing with ozone and combined ozone and corona evaluation. The subject is still under
consideration.
 UV Light, UV light associated with corona is in the UV-B range that has a shorter wavelength than that
of sunlight. This UV exposure may directly age the material.
 There is also some evidence to suggest that corona in combination with water may result in an acid that
may chemically attack the insulator or conductor coatings.
In this non-standard test, the coated test samples are continuously irradiated with a strong source of both
positive and negative corona. A photo of the electrode setup and corona is shown in figure 8-5. The gap
between the energized electrode and the top of the coating surface is 2 mm. The test duration is 1 000 hour.

Figure 8-5 The Corona Exposure Test (courtesy of EPRI).

The test samples are evaluated after each 250 hour interval by visual examination and a hydrophobicity test.
8.2.3 Tracking and Erosion Test

8.2.3.1 Coatings on insulators
The tracking and erosion resistance of insulating material is tested by the 1 000 hour salt fog test specified by
IEC 62217 [136] for composite insulators [10] can be a good candidate for tracking and erosion test for
coatings is a continuous stress test. Composite insulators are energized to a unified specific creeping distance
(USCD) of 34.6 mm/kV and subjected to a standard salt fog of salinity between 1 to 10 kg/m3 (depending on
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the geometry) for 1 000 hours. The salinity is adjusted to avoid flashovers and to increase the erosion stress.
This test is prescribed by IEC standard 62217 [136]. The principles of this test can be applied to coatings by
adjusting electrical and salinity stresses for this specific application. A general view of a salt-fog chamber is
shown in figure 8-6.

Figure 8-6 A general view of a 1 000 hour Salt Fog Chamber (courtesy of EPRI).

8.2.3.2 Coatings for conductors
The principles of the tracking and erosion tests of IEC 62217 [136] have also been used as a basis for testing
coated conductor samples. The IEC test method is modified to include visual and hydrophobicity inspections
[68]. The same salinity of 8 kg/m3 is used. The visual inspections and Wettability Class (WC) measurements are
done in accordance to IEC TS 62073 [105] before, during (at 500 hours) and after the test. The test is carried
out in a moisture-sealed corrosion-proof chamber with a volume of about 45 m³.
A RTV and a superhydrophobic coated conductor were tested. The energized test conductors were suspended
from the roof of the chamber by composite line insulators as shown in figure 8-7. The applied voltage was
selected so as to be sufficiently high enough to have initiated corona discharge on the surface of conductors
[68].

A) General picture of the test chamber

b)schematic layout of the test chamber

Figure 8-7 Set-up for 1000 hour salt fog tracking and erosion test [68].

Both coatings passed this 1 000 hour test without visible traces of deterioration; the adhesion of the coatings to
the conductors was still good. However, it was found that the superhydrophobic coating lost its hydrophobicity
within a few days of testing and the RTV one after 3 weeks. The recovery of the hydrophobicity was checked
by performing a measurement at about 4 weeks after the end the test. By this time The RTV coating showed
almost complete recovery (WC 2-3) and the superhydrophobic conductor had only recovered (WC 2-3) it over
part of its length, while other parts remains completely hydrophilic (WC 7).
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8.3 Mechanical wear and tear testing
8.3.1 Scratch test (MAR testing)

The susceptibility of the coating to scratching, marring and similar physical damage due to handling is
evaluated with the Taber Multi-Finger Scratch/Mar Tester according to ASTM D5178 [169]. A picture of the
test apparatus is shown in figure 8-8.

Figure 8-8 The Taber Multi-Finger Scratch/Mar Tester(courtesy of EPRI).

For the test, the specimen is secured to a pneumatically driven platform underneath five independent splineshaft fingers, each loaded with a different weight. The interchangeable scratch tips exert a constant, vertical
load on the coating while the platform moves to produce scratches of varying depths in the coating surface.
The coating is evaluated by measuring the depth of the scratches left in the coating after the test.
8.3.2 Abrasion test

The abrasion resistance of the coating is tested using the Taber Rotary Abraser as shown in figure 8-9. During
this test, which is described in ASTM D4060 [170], the coated test specimen is mounted onto a rotating
turntable, and then subjected to the rub-wear action of two abrasive wheels. Driven by the test sample, the
wheels produce abrasion marks that form an abrasion pattern in the shape a circular path. The number of
turntable revolutions required to completely remove the coating is noted as the test result.

Figure 8-9 The Taber Rotary Abraser (courtesy of EPRI).
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8.3.3 Gravelometer

The resistance of the coating to chipping caused by impact of gravel and other debris is tested with the
Gravelometer as per ASTM D3170 [171]. The coated test specimen is mounted in the back of the
Gravelometer, and air pressure is used to eject 1 pint of gravel towards the sample. Then, the test object is
removed and gently wiped with a clean cloth. Adhesive tape is then applied onto the entire tested surface and
removed to capture any loose fragments of the coating. The appearance of the tested sample is then
evaluated against reference pictures to determine the chipping ratings.
8.3.4 Conductor pull test

This test is intended to simulate mechanical stress during tension stringing. This test need not to be applied to
conductors where self-de-icing properties are obtained by a coating applied after installation of the conductor.
The test object for such tests is a conductor with a length of 12 meters, where at least 100 cm, of the midsection, have the self-de-icing properties intended to be tested (figure 8-10) [172].
12 m

Tested self-de-icing part 80 cm
Self-de-icing part minimum 100 cm
Figure 8-10 Conductor sample for serviceability testing [106].

The test conductor shall be dragged five times back and forth over a wheel of diameter D lined with hard
rubber, while loaded by a force F acting  degrees relative to the pulling direction. The force F corresponds to
20 % of the conductor´s rated tensile strength. The diameter D is either 150 mm or is determined based on the
diameter of the running block wheels intended to be used. The angle  is 25° or determined based on the
maximum bending angle expected over the running blocks in the first or last tower of the stringing section.
Figure 8-11 shows a schematic of the setup. Other arrangements that give the same stress may be used.

Pulling rope
°

D

Conductor
under test

Weight

F

Figure 8-11 Principle setup for mechanical test [172].
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Surface hydrophobicity is visually confirmed after each test. Any visual damage or other degradation during
the test is noted. The basic acceptance criterion is that the surface should maintain its hydrophobic properties
after the final pull test.
8.3.5 Load cycle test

The conductor under test is tensioned by 20 % of its rated breaking load at 20 °C. Wedge type clamps may
be used as grip ends. The conductor is heated by circulating a current through the conductor.
For this test the conductor is typically subjected to 10 or more load cycles. The load cycle is shown in figure 812 and comprises the following 5 stages [172]:
1.
2.
3.
4.
5.

The conductor is heated by current to 100 °C
It is maintained at this temperature for 1 hour
The temperature is increased as fast as possible to 200 °C
The load current tis switched off to allow the conductor to cool down
The next cycle is started when the conductor temperature is less than 10 °C above the ambient

The number of load cycles N should be 10 or more.

temperature

1h
200 °C
100 °C

Less than10 degrees above ambient

time

Figure 8-12 Illustration of one load cycle.

8.4 Concluding remarks

Durability is an important characteristic that needs to be verified to ensure that the coating will fulfil its
intended purpose for its expected lifetime. This should be done by considering appropriate tests
representative of the environmental, electrical and mechanical stresses as recommended in this chapter. In some
cases, these are already standardized test methods which are also considered appropriate for the coatings
discussed in the TB. Other existing standards may need to be modified or adjusted to suit the specific
characteristics of these coatings. In other cases, notably, for checking the electrical durability and aging of the
coatings there are no standard test methods available. A few possible tests methods are presented in this
chapter to stimulate further development in view of standardization.

Page 93

Coatings for Protecting Overhead Power Network Equipment in Winter Conditions

Chapter 9: RECOMMANDATIONS FOR COATING REQUIREMENTS AND
TESTING
At present there are no standards that directly apply to hydrophobic or icephobic coatings. Various
parameters still need to be identified and investigated in order to develop test methods to qualify such
coatings. In this respect, existing knowledge and ongoing work by laboratories and manufacturers constitute an
important basis.
In the following sections methods and existing testing technic for these criteria are explained.
9.1 Requirements for coatings

An approach to identify requirements and suitable test methods comprises the following steps:
 Identify suitable functional performance requirements
 Determine the primary (important) and secondary (less important) degradation modes
 Design and implement a set of tests to evaluate performance
9.1.1 Functional performance requirement

The main functional performance requirement for coatings for protecting power network equipment in winter
conditions are:
 Functional requirement, i.e. icephobicity, hydrophobicity and self-cleaning
 Durability or longevity
 Cost effectiveness
 Ease of application
9.1.2 Degradation stresses

The coatings discussed in this document are for application to the external – exposed – surfaces of power
network equipment. These coatings should therefore, be able to endure environmental stresses they are
exposed to for their expected lifetime. These include exposure to:
 Ultra-violet (UV) radiation from the sun
 Diurnal and seasonal temperature changes and the corresponding forces caused by thermal expansion
and contraction
 Humidity and precipitation
 Aggressive chemical compounds that may be present, such as those in the contamination layer and acid
rain
Coatings should also be able to withstand the wear and tear associated with the handling, installation and
maintenance of the equipment involved. Examples are abrasion from tools, carts and persons climbing along
conductors and insulators when performing installation and maintenance tasks on components.
An additional complication of applying coatings to energized components is that it must be able to withstand
the electrical stresses that it will be subjected to in combination with the environmental stresses. Coatings on
conductors and insulators are continuously subjected to high electric fields that could result in an accelerated
deterioration or even failure. It may also be expected that the coating will be subjected to some form of
electrical discharge activity such as arcing, sparking or corona.
Another principle that should be adhered to is that the application of the coating should not, in any way,
negatively affect the performance of the system. This is specifically a concern if the coating should fail or lose
its functionality. For example, a common problem with organic materials applied to insulating surfaces is the
formation of tracking paths when the coating breaks down. Tracking is a conductive or partly conductive path
which permanently degrades the electrical strength of the coating. In severe cases, the tracking on the
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insulating surface may have developed to such an extent that the apparatus can no longer withstand the
operating voltage, leading to a long-term outage. In such cases, the power can only be restored after the
affected equipment is removed or the coating from it. Such long-term outage may have large cost implications.
On the basis of these anticipated stresses a few key questions have been formulated to facilitate the
introduction of new coating technologies to the power system.
9.1.3 Identification of suitable tests

To minimize risk and cost, a three-tier approach should be followed in the evaluation of coatings.
approach is illustrated in figure 9-1and can be described as follows:

This

Figure 9-1 Tiered approach to testing and development of functional specifications [173].

Tier 1 Small Scale Testing on Coated Material Samples, e.g. glass or aluminum: These tests normally apply a
single stress to small standardized material samples. Examples of Tier 1 samples for insulator coatings are
shown in figure 9-2(a) and figure 9-3 (a).
Tier 2 Laboratory Testing on Coated Components, e.g. conductors or insulators: During these tests a limited
number of stresses are applied to realistic samples in a controlled environment. An example of the small
insulators used in Tier 2 tests is shown in figure 9-2 (b) and figure 9-3 (b).
Tier 3 Field Demonstrations at Utility Sites: A limited number of samples, applied to real equipment, are
exposed to a typical service environment for example for one year. Normally the services stresses are also
monitored and recorded during the trials. In some cases it may also be necessary to implement special
protection measures to ensure that the power system is not adversely affected if a test sample fails.

a) Tier 1 Test sample

b) Tier 2 Test sample

Figure 9-2Examples of samples used in the tiered approach for insulator coatings [173].
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a) Tier 1 Test coated porcelain sample

b) Tier 2 Coated conductor samples

Figure 9-3 Examples of samples used in the tests for insulator/conductor coatings [courtesy of
STRI].

This approach not only evaluates potential test methods for the coating technologies to address transmission
applications, but it also provides information about the performance of these coatings and will be of help in the
future development of functional specifications that utilities can use to provide high performance products. Basic
requirements that test methods should meet to in order to successfully qualify products includes [174].




Representative of service: The conditions and stresses applied to the test subject should mimic those
the material will be subjected to in service. This should be checked by verifying that failure modes
observed during the tests are the same as those occurring under service conditions.
Repeatable: It should be possible to define and control all stresses applied to the sample so that
repeated testing would produce the results within an acceptable variance. In test setups with multiple
samples the outcome of the test should be influenced by the test position.
Reproducible: The test methods should be defined and described in such a manner that comparable
results are achieved if the test is performed by different laboratories. This can be achieved by
ensuring that the test method is described in detail and that calibration procedures are in place to
ensure the consistency of key parameters.

9.2 Summary of test methods discussed

The test methods described in this brochure form a basis from which suitable test methods may be selected. A
summary of these methods and a reference to section number where they are described are provided in TB
Table 9-1
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Table 9-1 Summary of test methods described in the TB

Property tested
Test name
CHARACTERIZATION OF THE COATING FUNCTIONAL PROPERTIES
Contact Angle

Hydrophobicity

Hydrophobicity recovery

Icephobicity

Self‐cleaning properties

Section

Applicable to

Standardized

Samples

6.1.1

All

Yes

Tier 1

Static contact angle measurement (CA)

6.1.1

All

No

Tier 1 (2)

Dynamic contact angle measurement
Sliding angle (SA)

6.1.1
6.1.1

All
All

No
No

Tier 1
Tier 1

Surface tension

6.1.2

All

Yes

Tier 1 (2)

spray bottle

6.1.2

All

Yes

Tier 1/2/3

Water immersion test
Hydrophobicity transfer

6.1.3
6.1.3

All
Insulator

Yes
No

Tier 1
Tier 1

Artificial ice accretion test

6.2.1

All

No

Tier 1/2

Natural ice accretion test
Ice adhesion tests
‐ Pulling test
‐ Centrifugal chamber method
‐ Sliding weight method
‐ Ice Push Off Test

6.2.2
6.2.2
6.2.2
6.2.2
6.2.2
6.2.2

All

No

Tier 1/2/3

All
All
Conductor
All

No
No
No
No

Tier 1
Tier 1
Tier 2
Tier 1

‐ Conductor Ice Pull off test

6.2.2

Conductor

No

Tier 1 (2)

Contamination application test

6.3

Insulator

No

Tier 1/2

Natural contaminant exposure test

6.3

Insulator

No

Tier 1/2/3

Salt fog

6.4

All

Yes

Tier 1/2

Cyclic Salt fog/UV

6.4

All

Yes

Tier 1/2

Anti‐corrosion characteristics
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Remarks

Can be used on Insulators with a
sufficiently large flat testing area

Can be used on Insulators with a
sufficiently large flat testing area
Not a precise measurement, but
applicable to in‐service
applications

Tier 2 tests possible depending on
size of test chamber

Testing limited to single round
strands/conductors
Test method not fully developed,
difficult to apply a repeatable and
uniform contamination layer
Tier 2 tests possible depending on
size of test chamber
Tier 2 tests possible depending on
size of test chamber
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Table 9-1 Summary of test methods described in the TB

Property tested
Test name
Visual characteristics
visual impact test
TEST METHODS FOR CHARACTERIZING THE COATING
Coating Thickness
Density
Cohesion
Intrinsic material properties
Hardness
Electrochemical Impedance
Spectroscopy
Dielectric Test
Electrical characteristics
Corona Audible Noise test
Surface conductance
Thermal characteristics
Differential scanning calorimetry (DSC)
Mechanical characterisation

Section
6.5

Applicable to
Conductor

Standardized Samples
No
Tier 2

Remarks

7.1.1
7.1.2
7.1.3
7.1.4

All
All
All
All

Yes
Yes
Yes
Yes

Tier 1
Tier 1
Tier 1
Tier 1

7.1.5

All

Yes

Tier 1

7.2.1
7.2.2
7.2.3
7.3.1

Conductor
Conductor
Insulator
Conductor

No
No
Yes
yes

Tier 1
Tier 2
Tier 2
Tier 1

Adhesion

7.4.1

All

Yes

Tier 1

Test method not applicable to
transparent surface treatments

Xenon Arc UV testing

8.1.1

All

Yes

Tier 1 (2)

Can be used on very small Tier 2
samples

Fluorescent UV testing

8.1.1

All

Yes

Tier 1

Humidity Chamber

8.1.2

All

No

Tier 1/2

Temperature Cycling

8.1.3

All

No

Tier 1/2

Heat stability

8.1.4

All

Yes

Tier 1/2

Other environmental tests
‐ Resistance to SO2
‐ Resistance to salt fog
‐ Resistance to cyclic corrosion
‐ Resistance to abrasive wear

8.1.5
8.1.5
8.1.5
8.1.5
8.1.5

All
All
All
All
All

Yes
Yes
Yes
Yes

Tier 1
Tier 1
Tier 1
Tier 1
Tier 1

DURABILITY TESTING METHODS

Environmental tests
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Tier 2 tests possible depending on
size of test chamber
Tier 2 tests possible depending on
size of test chamber
Tier 2 tests possible depending on
size of test chamber
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Table 9-1 Summary of test methods described in the TB

Property tested
Environmental tests

Electrical tests

Mechanical Wear and Tear testing

Test name
‐ Resistance to erosion
Ozone test

Section
8.1.5
8.1.5

Applicable to
All
Conductors

Standardized Samples
Yes
Tier 1
Yes
Tier 2

Inclined plane test

8.2.1

Insulator

(Yes)

Tier 1

Corona Exposure Test
Tracking and Erosion Test (1000 h Salt‐
Fog)
Scratch test (MAR testing)
Abrasion test

8.2.2

Insulator

No

Tier 1

8.2.3

Insulator

Yes

Tier 2

8.3.1
8.3.2

All
All

Yes
Yes

Tier 1
Tier 1

Gravelometer
Conductor pull test
Load cycle test

8.3.3
8.3.4
8.3.5

All
Conductor
Conductor

Yes
No
No

Tier 1/2
Tier 2
Tier 2
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Remarks

This test is standardized for
dielectric materials and not
coatings per se

Tier 2 tests possible depending on
size of test chamber

9.3 Concluding remarks

The coatings discussed this TB should be able to endure the environmental stresses they are exposed to for the
duration of their expected design lifetime. This includes ultra-violet (UV) radiation from the sun, diurnal and
seasonal temperature changes and the coating stresses resulting from the thermal expansion and contraction of
its substrate, humid environments and exposure to various types of precipitation and chemical compounds that
may be present. Coatings should also be able to withstand the wear and tear associated with the handling,
installation and maintenance of the equipment involved. It should also be taken into consideration that coatings
on conductors and insulators are subjected to high electric fields, corona, sparking and arcing that could result
in an accelerated deterioration or even failure of the coating. Moreover, the application of the coating should
not, in any way, negatively affect the performance of the system.
In this chapter we introduced an approach to help to identify the testing methods to facilitate the evaluation of
new coating before applying to the power network equipment. Based on the findings reported in this TB, key
questions and guidelines regarding the anticipated performance requirements of coatings have been
formulated.
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Chapter 10: CONCLUSIONS AND RECOMMENDATIONS
Considering recent advances in the development of hydrophobic and icephobic coatings, this Technical Brochure
(TB) aims to review the state of-the-art research activities related to their performance and potential
application to protect overhead power network equipment in winter conditions. Coating applications to other
equipment such as wind turbines and substations is also discussed.
The review of various major icing events in different countries carried out in this TB indicates the importance of
continuing research to develop coatings that when applied to overhead power network equipment will
potentially minimize the damage from excessive ice accretion and greatly improve the operational safety of
energized lines. However, an overview of existing anti-icing (AI) and de-icing (DI) methods show that in spite of
the good progress accomplished in the understanding of the pros and cons of these techniques, all of them have
some limitations and there is no general consensus on which is the most promising one. On the other hand, the
new technologies based on the use of superhydrophobic/icephobic and self-cleaning coatings seem to be
promising for future development and applications. Also alternative coating types may emerge in time that
provides a more effective long term solution.
The fundamental aspects of wetting are presented to provide a better understanding of these coatings. Static
contact angle and dynamic contact angles are two important concepts for icephobic characterization. It is
shown that contact angle hysteresis is one of the most important factors determining the self-cleaning effect and
anti-icing behaviour of a coating.
A variety of techniques have been developed for applying coatings to protect surfaces under winter conditions.
Application of the coatings is preceded by a surface pre-treatment including cleaning, removal of loose
material and physicochemical modifications. Protective coatings for overhead power network equipment such
as conductors and insulators are classified as either active or passive categories depending on whether or not
they need electrical energy to be activated. Some of these techniques, such as spray coating are already
implemented in some industrial applications while others, like plasma sputtering, are still at development stage.
Extensive testing is required to ensure that a coating has the appropriate properties to fulfil its intended
function. Different institutions have developed various test methods for assessing self-cleaning and anticorrosion properties of coatings as well as their visual impact when applied to conductors or insulators.
Fortunately there are a large number of standards and already available methods, some of which, as
discussed in this TB, may be applied to theses coatings with some modifications. These include the evaluation of
coating wetting properties, intrinsic material properties, as well as electrical and mechanical characteristics.
However, further refinement of existing tests and development of new tests is essential, as new strengths and
weaknesses of these new coatings are discovered.
Among the testing of various coating parameters, durability is an important characteristic that needs to be
verified to ensure that the coating will fulfil its intended purpose for its expected lifetime. This should be done
by considering appropriate tests which is representative of the environmental, electrical and mechanical stresses
as recommended in this document. In some cases, these are already standardized test methods which are also
considered appropriate for the coatings discussed in the TB. Other existing standards may need to be modified
or adjusted to suit the specific characteristics of these coatings. In other cases, notably, for checking the
electrical durability and aging of the coatings there are no standard test methods available. An approach was
introduced to help identify the appropriate test methods that can be used to facilitate the evaluation of new
coating before applying them to power network equipment. A few possible tests methods are presented in this
TB to stimulate further development of standardization.
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ANNEX A: SUMMARY OF MAIN AI/DI TECHNIQUES AND ASSESSMENT [7]
Deicing
type

Technique

Passive

Counterweights
Snow rings (SR), wires,
combination of SR
and counterweight
Modifying crossarms,
using separate
structures for each
phase, rearranging
phasing configuration

Active coatings and devices

Installing inter-phase
spacers (insulators)

Characteristics
(status, disadvantages, line
length, installation)

Description
Used for reducing ice or
wet snow accretion
Used for reducing wet snow
accretion
Used for minimizing the
impact of icing on electrical
clearances in double circuit
lines
Reduces probability of
phase clashing

LC spiral rods

Used for melting and
shedding snow at milder
temperatures

Heated tracers

Used for melting and
shedding ice and snow at
milder temperatures

 Operational,
 Any line length
 Permanent installation
 Operational
 Any line length
 Permanent installation




Operational
Any line length
Permanent installation







Operational
Possible conductor fretting
Any line length
Permanent installation
Operational and promising
short-term for anti-icing
applications
Induces extra losses
Any line length
Permanent installation
Operational but used only
for water pipes
Needs external supply
Short line length due to need
for supply
Permanent installation
Not tested for real
applications
Needs external supply May
degrade in UV light.
Short line length due to need
for supply
Permanent installation









Ice electrolysis

Applicable to wires
equipped with electrodes
energized with DC
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Country
of Use

Cost level

Japan,
Iceland
France

Low

Japan

Low*

New
Zealand
and others

LowModerate

New
Zealand
and others

Moderate

Japan
Scotland

Low*

Japan

ModerateHigh

N/A

High
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Summary of main AI/DI techniques and assessment (suite)
Deicing
type

Technique

Description









Characteristics
(status, disadvantages,
line length, installation)

Country
of Use

Operational
Labour intensive
Canada
Short line length
Temporary installation
Promising in short-term
Installation onto line may be
Used for de-icing of ground
Remotely Operated
wires and line conductors up
difficult
Canada
Vehicle (ROV)
to 315 kV
 Up to 1km range
 Temporary installation
 Not tested for real
Used for de-icing line
applications
conductors one span at a
 Labour intensive
Canada
Pneumatic hammer
time
 Short line length
 Temporary installation
 Promising in short-term
Used for de-icing
 Labour intensive
De-icer Actuated by
conventional ground wires
Canada
Cartridges (DAC)
 Short line length
 Temporary fitting
 Not tested for real
applications
 Risk of damage by lightning.
Used for de-icing of ground
May cause telephone
Electro-impulse
N/A
wires and line conductors
interference.
methods
 Short line length due to need
for supply
 Permanent installation
 Not tested for real
applications
Used for de-icing of line
 May damage line if used for
conductors and ground
Canada
Ice-shedder devices
long periods
wires by inducing certain
vibration ranges
 Any line length
 Permanent installation
 Not tested for real
Used for de-icing of single
applications
conductor lines one span at
Canada
Twisting devices
a time by mechanically
 Any line length
twisting the conductors
 Permanent installation
 Operational
Used for partial snow
 Needs helicopter
Weight attached to
Canada
shedding in mountainous
rope with large knots
 Short line length
areas using helicopters
 Temporary use
* : Cost is relatively low if installed at the time of line installation, otherwise conductors may need to be replaced
 Theoretical
Application of dielectric
 May cause telephone
coating onto the line and
interference
N/A
Dielectric coating
injection of high frequency

Short-medium
line
length
supply
 Permanent installation
 Operational
Used for anti- and de-icing
 Only works on single
of line conductors by
conductor lines
Many
Load shifting method
transferring or shifting loads

Medium-long
line
length
from other circuits
 Permanent installation
 Operational
 Only practical on MV lines
Used for anti- and de-icing
Reduced voltage
due to high power demand
Many
of line conductors by using
short-circuit method
3-phase short-circuits
 Medium line length
 Permanent installation
Used for manual de-icing of
distribution lines up to 25
kV

Thermal

Mechanical

De-icing using ropes
or roller wheels
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Cost level

Moderate

Moderate

N/A

Low

High

N/A

Low

ModerateHigh

High

Low

Moderate
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Deicing
type

Technique

DC current method

Thermal

On-load Network DeIcer method (ONDI)

Description



Characteristics
(status, disadvantages,
line length, installation)

Country
of Use

Cost level

Used for de-icing of long
sections of high current lines
by running DC current at
stages through the phase
conductors. Can also be
applied to ground wires.
Used for de-icing of lines
by using a phase-shifting
transformer to vary the
current from one conductor
to another, without requiring
disconnecting the section to
be de-iced from the
network






Operational
Large installation
Medium-long line length
Permanent installation

Former
USSR /
Canada

High




Promising
Only works on single
conductor lines
Medium-long line length
Permanent installation

USA /
Canada

High

N/A

N/A

N/A

N/A

N/A

High

N/A

N/A

Canada

Moderate

Contactor load
transfer (bundle
shifting) method

Used for de-icing of lines
by allowing the current
flowing in all conductors of
a bundle into a single one

Pulse electrothermal
de-icer method

Proposed for de-icing of
line conductors by allowing
the current pulse to heat an
external conducting coating

Ground wire de-icing
method

Used for de-icing many km
of ground wires using a
medium AC voltage
transformer as current
source. This requires the
GW to be insulated from
the towers.

High frequency
electric field method

Proposed for de-icing of
line conductors by using a
high frequency electric field
to induce dielectric losses

Steam generating
device

Used for de-icing
equipment like disconnect
switches and post insulators










Promising but not tested
May prove difficult to install
into a real transmission line
Any line length
Permanent installation
Not tested for real
applications
Reduces line rating
Medium line length
Permanent installation





Operational
Short-medium line length
Permanent installation



Not tested for real
applications
May cause telephone
interference
Medium line length
Permanent installation
Operational
Labour intensive
Short line length
Temporary use
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ANNEX B: ANTI-ICING COPPER COATED CONDUCTORS
The icing performance of two microalloy copper conductors (Cu-95 mm2 and Cu-150 mm2) with anti-icing
coatings have been evaluated at a natural exposure test site at Deadwater Fell in UK during winter 2013-14.
(figure B-1).The performance of these conductors were compared to that of an uncoated ACSR LA-180
conductor installed at the same site.

Viewed from the North end of the 190m test span

The Cu- 95 mm2 conductor with vibration
monitors and load cells

Figure B-1 Deadwater Fell test Site

A total of 8 icing incident occurred during the test period. These events resulted in relatively high mechanical
loads compared to every day stress. Expressed in terms of the ultimate tensile strength, UTS of the conductors
the maximum recorded loads were 41.7% UTS for the ACSR, 32.8% UTS for the Cu-150 and 38.5% UTS for
the Cu-95 conductors. The increase in tension for each conductor in the various incidents is given in Table B- 1.
Note that these loads resulted from a combination of wind and ice.
Table B- 1 Measured increases in conductor tension during 2013-14 icing events, using the icefree condition as reference.

Example of the tension measure during the some of the events are presented in figures B2 to B5.

Page 114

Coatings for Protecting Overhead Power Network Equipment in Winter Conditions

Figure B-2 Rime ice accretion occurred
on January 12-13, 2014.

Figure B-3 Rime ice on Conductor tensions
January 31, 2014

Figure B-4 Wet snow accretion occurred at
temperatures just above zero on February 4,
2014

Figure B-5 Rime Ice combined with wet
snow on February 12-14, 2014

In every incident the ACSR accreted more load than either of the copper conductors, and so this implies that the
anti-icing coating was having some effect although it did not stop icing completely. The results are very
promising and further investigations should be carried out to confirm the findings.
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