[bookmark: _Hlk8442624][image: ]






Significance and Properties of Coatings


MSc Mechanical Engineering
M7X01385 – Mechanisms of Material Failure











Prepared by:
Mr Aaron Hillam
P141233

Submitted to:
Dr Philip Holden
School of Engineering
30/05/2019

Contents
1. Figures / Tables									3
2. Introduction										4
3. Informed Literature								5
3.1 Corrosion Inhibitors – Anodic and Cathodic				5
3.2 Corrosion Inhibitors – Absorption					5
3.3 General Corrosion								5
3.4 Galvanic Corrosion							6
3.5 Crevice Corrosion								7
3.6 Pitting Corrosion								8
3.7 Erosion Corrosion								8
3.8 Stress Corrosion / Fatigue Corrosion 					8
3.9 Rain Corrosion								8
 
4. Corrosion Prevention								9
4.1 Wind Turbines								9
4.2 Atmospheric Area								10
4.3 Splashed Zone								12
4.4 Submerged Zone								12
4.5 Turbine Blades								13
4.6 Nacelle Interior								15
5. Conclusion										16
6. References										17










1.0 Figures / Tables
1. Figure 1: Corrosion Inhibitor - Absorption					5
2. Figure 2: Galvanic Series							6
3. Figure 3: Crevice Degradation							7
4. Figure 4: Rain Corrosion								8
5. Figure 5: Component Groups							9
6. Figure 6: Categorisation								10
7. Figure 7: Moisture Permeation							13
8. Figure 8: Fibre Investigation							13
9. Figure 9: Resin Vacuum Infusion						14
10.  Figure 10: Blade Coatings							14
11.  Figure 11: Vapour Corrosion Inhibitors					15
12.  Figure 12: Vattenfall 8MW Turbine						16


13. Table 1:  Crevice Degradation 1						7
14.  Table 2: Crevice Degradation 2						7
15.  Table 3: Coating Thickness							11
16.  Table 4: Maintenance Time							12









2.0 Introduction									
Effectively, all components are victims of corrosion. To protect the degradation of the substrates from the environment, a range of protective coatings can be applied. The critical properties of coatings include the adhesion and surface finish. In addition, the application method of coatings play a crucial part in control of the thickness. 
This report focuses on the variety of corrosion countermeasures and coatings applied to an offshore wind turbine, with composite blades. 
To evaluate the current threats to wind turbines, data has been collected to determine what types of corrosion a wind turbine is likely to experience. 


















3.0 Informed Literature
[bookmark: _Hlk10083503]3.1 Corrosion Inhibitors – Anodic and Cathodic
The purpose of the inhibitors are to protect either against anodic or cathodic reactions.
The anodic inhibitor is designed to prevent the anodic reaction by creating an oxidised surface. This requires detailed control as a low oxidation has the potential to be corrosive. Such as  > . (Kuznetsov, 1996)
The cathodic inhibitor prevents the development of hydrogen , at areas prone to cathodic reactions. (Kuznetsov, 1996)
[bookmark: _Hlk10083532]3.2 Corrosion Inhibitors – Absorption
The purposes of the absorption-based inhibitor is to provide a coating layer that blocks out an electrolyte source, as shown in figure 1. However, some permeation from certain chemicals is possible. A particular type of inhibitor is selected, which enables those chemicals to build between and on the coating layer. Thus, using the harmful substance as a barrier. (Kuznetsov, 1996)
[image: ]
Figure 1: Corrosion Inhibitor - Absorption

3.3 General Corrosion
General corrosion also known as uniform corrosion is the process where a material corrodes uniformly. With respect to wind turbines, the metal that is submerged into the saltwater is constantly under attack by alternating anodic and cathodic reactions. The preventative measure is to provide and maintain a protective coating. (DNV GL AS, 2016)




3.4 Galvanic Corrosion
Galvanic corrosion is an accelerated form of corrosion, it consists an electrochemical process which degrades a least noble/active material (anodic material) that is in contact with a nobler/passive material (cathodic material). At the cathode, water reacts with oxygen which forms oxide and hydroxide ions, this is done by removing electrons from the anode, and ultimately forms rust. The saltwater that surrounds the wind turbine acts as an electrolyte between the two materials. However, due to the higher concentration of chloride in the air near the sea, this also acts as an electrolyte for surfaces that are not submerged.  (DNV GL AS, 2016)
[image: ]
Figure 2: Galvanic Series. (Corrosionpedia Inc, 2019)

To prevent galvanic corrosion, a number of measures are taken. Materials on the galvanic series, shown in figure 2, are required to have a difference in activity level of less than 2.0 volts. This will minimise the rate of corrosion. Additionally, insulation layers between the materials can be added to prevent electrons moving to the cathode, as well as coatings on the surface to block out the electrolyte. (DNV GL AS, 2016)





3.5 Crevice Corrosion
Crevice corrosion occurs when an area of metal is shielded from an electrolyte environment. As anodic and cathodic reactions occur on the material surface, the oxygen is used up. This causes more oxygen to diffuse from the surrounding electrolyte. The crevice / shielded location becomes a focal anode with a positive net charge. This forms a potential difference, allowing negative ions (Chloride, Cl-) to flow into the crevice, to try balance. An autocatalytic process starts, as the chloride ions build up, they start to corrode the material. Thus, chloride ion start to mix with metal ions to produce an acid, which further aids in the corrosion. (Ahmad, 2006)
This form of corrosion takes place in wind turbines as electrolytic material flows in small areas and starts to become stagnant or dry out. As an example, when a wave regularly throws water into a typically dry location, known as the splash zone. (Ahmad, 2006)
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[bookmark: _Hlk10075196]Table 1: Crevice Degradation 1

[image: ]Figure 3: Crevice Degradation, (Wiley, 2000)

[image: ]Table 2: Crevice Degradation 2


Another side effect of crevice corrosion is the probability of causing stress corrosion. This is due to degradation in many small areas. (Ahmad, 2006)
To prevent crevice corrosion, it is essential to design the geometries of the substrates to prevent the corrosive from building up. In addition, coatings will prevent the reaction taking place. (Ahmad, 2006)
3.6 Pitting Corrosion
Pitting is very similar to crevice corrosion. Pitting typically occurs in the direction of gravity. It requires a corrosive substance such as seawater, which flows into the defect in a materials surface finish. Like the crevice corrosion, an autocatalytic process starts, causing material to corrode. (Ahmad, 2006)
To protect against pitting, the surface finish is critical, selecting an appropriate/low porous material would reduce the probability of it occurring. Ultimately, coating the surface would produce uniformity and prevent any pitting. (Ahmad, 2006)
3.7 Erosion Corrosion
Erosion corrosion consists of material degradation caused by cyclic loading of abrasive materials / solutions. The wind turbine is affected by the atmospheric conditions such as rain, cold, heat and submerged conditions such as sand, salts and marine life. The erosion can be reduced by maintaining an oxide layer, however the oxide layer also causes some corrosion, depending on temperatures. Coating the substrates would resist erosion for a significant time period. (Shizhong Zhanga, 2015)
3.8  Stress Corrosion / Corrosion Fatigue
Stress corrosion is a significant problem for wind turbines. This occurs when the tower or blades are put under either an extremely high load for a short period of time or a medium to high load over a long during. The structure of the blades and the tower are the primary causes, as they are so big and narrow. This allows high winds to apply cyclic loads for the duration of the wind turbine. Stress corrosion is avoided in a range of methods, which include change in geometry to reduce surface area being forced, a pitch control for the blades and yaw, again this reduces surface area, a braking system which prevent blade rotation with the purpose of reducing strain. (Ahmad, 2006)
Crevice corrosion can also contribute to stress corrosion, this is done when many crevices are formed. The crevices start to form cracks, as more crevices form and the cracks begin to propagate. The load tolerance starts to diminish. Resulting in the destruction of the wind turbine. (Shizhong Zhanga, 2015)
3.9 Rain Corrosion
Rain corrosion is a form of erosion corrosion. Over time as heavy rainwater hits the fast-moving wind turbine blade, it starts to break away the current coating applied. A phenomenon has been identified which shows the damage being restricted to the leading edge as shown in figure 4. As the blade starts to erode, it loses mass and the aerodynamic flow is disturbed. This damage ultimately reduces the wind turbine efficiency and energy production. To overcome this problem a thick polyurethane sheet/coating is applied to the leading edge. The design of the coating helps to improve the efficiency of the blade, whilst reducing the downtime for maintenance. (Siemens, 2017) (H.M.Slot, 2015)
[image: ]Figure 4: Rain Corrosion, (Enrique Cortés, 2017)

4.0 Corrosion Prevention
4.1 Wind Turbines
An offshore wind turbine has six key component groups as depicted in figure 5, each group experience different forms of corrosion. There are three types of damage that can apply to the groups, these consist of: (DNV GL AS, 2016)
· Weathering of composite blades
· Moisture ingress of electrical and mechanical systems
· Corrosion of metal components
[image: ]Figure 5: Component Groups








Throughout this investigation, the sections have been grouped into three categories plus the blades, as depicted in figure 6. These are the submerged area, the splash zone and the atmospheric area. (DNV GL AS, 2016)
[image: ]
Figure 6: Categorisation

4.2 Atmospheric Area
To protect the atmospheric area, the following five types of defence have been identified. (DNV GL AS, 2016)
· A Zinc primer is applied using a thermal spray. This provides a rich protection against steel corrosion.
· A silicone-based epoxy resin sealant is then applied. This smooths out the surfaces, reduces porosity and prevents pitting and crevice corrosion.
· An additional two-part liquid epoxy is then added, to provide a layer of adhesion, whilst maintaining the properties in the layers below.
· A polyurethane coting is applied to provide a protective coating against abrasives, impacts and provides a moisture barrier.
· A finish paint coat is applied last, this ensure a high-quality surface finish, as well as protection from UV, moisture, impacts and abrasives. 
As manufacturers differ in their approach, table 3 has been provided to show the variety of coating thickness applied.
[image: ]
Table 3: Coating Thickness











4.3 Splash Zone
The splash zone typically exhibits the same responses as the atmospheric area and as a result uses the same protection methods as the atmospheric region. However, due to the water intake from splashing, a polyester based powder is also added and maintained, bringing the coat thickness to 1000um. (DNV GL AS, 2016)
4.4 Submerged Zone
The submerged zone is protected by a two-part epoxy compound. However, sacrificial anode structures are mounted to the area. The anodes are replaced at intervals. (DNV GL AS, 2016)
Table 4 shows the life expectancy / maintenance prediction of each zone. The current design ensures that the wind turbine degrades at the top earlier than the bottom. This helps to monitor the health of the wind turbine. (DNV GL AS, 2016)
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Table 4: Maintenance Time













4.5 Turbine Blades
To improve efficiency of the wind turbine, the blades have been manufactured using reinforced, thermosetting polymer composites. This provides a high strength, stiffness and fatigue resistance. Typical composites include glass-reinforced plastics and carbon-fibre reinforced plastics. Although the structure is designed to withstand high loads, it is susceptible to chemical attack by water / moisture. Figure 6 represents how moisture content of different temperatures can permeate the membrane. This is due to the absorption of water by the resins. (P. M. Visakh, 2015)
[image: ]
Figure 7: Moisture Permeation, (Enrique Cortés, 2017)

The data plots indicate that as the temperature is increased, the swelling from water increases too. Polyesters and vinyl-based resins form hydrolysis of the esters, causing shrinkage and eventually cracking the substrate. (J Zahavi, 1981)
Figure 8 shows how the glass fibres degrade in alkali environments. As seen in the left image, the fibres are debonding and pitting is starting to develop. When compared to the fibres on the right, which are tightly bonded. This is a significant problem as water exposure can lead to stress corrosion occurring, if untreated. (J Zahavi, 1981)
[image: ]
[bookmark: _Hlk10127631]Figure 8: Fibre Investigation


To protect the blades from environmental attack, coating layers are added to the blades during the manufacturing process. Pre-impregnate applications and/or liquid composite are applied using resin vacuum infusion, as shown in figure 9. (H.M.Slot, 2015)
[image: ]
Figure 9: Resin Vacuum Infusion, (Enrique Cortés, 2017)

Prior to the the resin being vacuum infused to the blade mould, a thin gel coating is applied to the mould/tool surface, this is designed to impregnate the resin fibres until saturation is achieved. The resin is then layered with a peel ply, separator film, breather and vacuum bag. The two halves of the wind turbine are then closed together, and a vacuum is generated, whilst curing occurs, resulting in further compression of the layers. Once curing is complete, the film, peel ply, separator film and breather are removed. Leaving the formed blade shell. (WilliamRogers, 2014) (J.R.Hutchinson, 2011) (E.A.Valaker, 2015)
After the structure is removed from the mould, a range of coatings is applied to deal with potential environmental conditions, as shown in figure 10. These include a fiberglass epoxy applied as paint / spray, which is used as a primer coat; a putty is then applied and smoothed over to form a very low porosity face; a leading edge protection consisting of a thick sheet/layer of polyurethane is added to the leading edge, to prevent the occurrence of rain corrosion. (P.J.Schubel, 2012)
[image: ]
Figure 10: Blade Coatings, (Enrique Cortés, 2017)


4.6 Nacelle Interior
The cost of producing all anti-corrosive components within the nacelle is very high, as a result the design tries to eliminate external marine environment by ensuring that no water can ingress internally. However, due to the high winds and salt bearing moisture, it proves difficult, thus protective measures are used. To further improve the effectiveness of the interior, environmental controls are installed. (Ahmad, 2006)
The environmental controls protect the internal electrical components, which include the distribution panels, electrical motors, power generation unit coil windings and transformer. These controls consist of de-humidifiers or anti-condensation heaters, the aim is to keep the humidity level below 60% otherwise corrosion is at a high risk. Additionally, vapour corrosion inhibitors (VCI) are used, as shown in figure 11. These VCI absorb moisture within a system and forms a microscopic layer of vapour which works as an anticorrosive protection on the metal surfaces. (Verdict Media Limited, 2019)
[image: ]Figure 11: Vapour Corrosion Inhibitors (Verdict Media Limited, 2019)


For the mechanical systems which include the gear shafts, rotor bearing, blade bearing, generator bearing, yaw bearing and gears. A thick grease is applied, this acts as a barrier against moisture as well as lubrication. (Ahmad, 2006)






5.0 Conclusion
This study has identified a vast range of corrosive attacks being implemented against the wind turbine structure. As a result, many measures have been implemented to reduce the rate of corrosion. However, corrosion still applies over time. From table 4, it shows that the life expectancy of a wind turbine is approximately 20 years.
A lot of researchers around the world, are constantly working to reduce the rate of corrosion further whilst improving the efficiency of power generation. As a result, turbines such as the 8.4MW Vattenfall turbine has been created, as shown in figure 12. To reduce corrosion and increase longevity, the turbine is mounted upon a high corrosive-resistant platform. This removes the typical corrosion from the splash zone and the subversive zone and changes it to purely atmospheric corrosion. As a result, the life span is estimated at 25 years with a massive increase in power generation. ( © European Union, 2012)
[image: ]
Figure 12: Vattenfall 8MW Turbine

Another design route, is to develop rapid manufactured wind turbines, which are easy to recycle and reuse. ( © European Union, 2012)
There are many methods of further reducing the rate of corrosion. However, the trade-off reduces the rate of efficiency. Rendering it as a non-ideal situation.
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