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Abstract.
The remote location and position of offshore wind turbine structures severely limits the
application of in-situ corrosion detection methods such as ultrasonic, acoustic emission and XRay. A Real Time Remote Sensing (RTRS) technology can be implemented to provide
autonomous detection and monitoring, providing exhaustive and detailed information on the
corrosion process. Utilising the concept of Internet of Things (IoT) through the integration with
satellite and terrestrial communication network, iWindCr, a technology development project
funded by the Innovate UK, aims to design a Wireless Sensor Network (WSN) of smart
miniaturised sensors for corrosion detection and monitoring of the offshore wind turbine
structures.
This paper discusses the rationale and challenges around the iWindCr WSN design, particularly
in the development of a miniaturised system and in relation to the provision of power and power
consumption. The later has led to the selection and the integration of the electrochemical
analysis techniques, namely Open Circuit Potential (OCP) and Zero Resistance Ammeter
(ZRA) on the sensor interface system. The verification of these techniques for the corrosion
detection sensor has resulted in a database consisting of the corrosion parameter outputs or
threshold values of metals specific to offshore wind turbine structures, in this case tower,
foundation and nacelle (gearbox). The database provides end users with the benchmark that
can be used to detect physical changes during the course of corrosion or passive film damage.
These parameters are incorporated in the user interface data analytics software, enabling the
quantification of corrosion or film damage.
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Introduction
Wind energy is recognised worldwide as a proven technology to meet increasing electricity
demand, with its added attraction of reduced environmental impact. The UK’s geographical
location makes it ideal for offshore wind energy, accounting for its status as a world leader in
the sector (>£21bn estimated invested by 2020, UKTI 2014). 1-4 The design of the offshore
wind turbine (WT) structures and the choice of materials for those structures such as the
foundation, platform and tower as well as the turbine parts or nacelle (gearbox and generator)
must consider the harsh conditions generated from the wind, the weather, the ultraviolet
radiation (sunlight) and the marine (ocean wave)/maritime environment that they will be
subjected/exposed to. 4-10 Figure 1 defines the onshore and offshore WTs and their components
10
and Figure 2 shows the schematic of the main parts and materials of an offshore WT. 1,4-7,9,1113

Due to the harsh maritime environment, corrosion is one of the inevitable and costly issues in
the operation and maintenance of the offshore WT. The design basis of the foundation for
example suggests that corrosion protection has been designed to a specific industrial standard
such as DNV-RP-B401. 10 From the foundation splashzone upwards, the parts are typically
coated, whilst the protection under the splashzone is likely to be a combination of coating and
sacrificial anodes. Nevertheless, corrosion of weathering steel, a typical material for the
foundation, has been reported to be one of the main threats of the structural integrity of the
offshore WTs. From the foundation, the connection to the turbine tower is commonly achieved
through a transition piece that is used to adjust non-vertically tolerances of installed
foundations which is traditionally made of tubular steels. 1,8,11,14,15
The remote geographical locations and positioning of critical parts of a WT, for example its
nacelle (~90-120m hub height) and blades, makes it unique and challenging for the servicing
and maintenance. The environment inside the nacelle of the offshore WTs is different to that
of the onshore WTs. The ambient temperature inside the onshore WT nacelle, operating for
example in the Saharan climate can be in a wide range from -40°C to +55°C. This could be
problematic when selecting the materials for example for the electronic equipment to be able
to operate in such a range. 16-21 The condition could be worsened for the offshore WT’s due to
the need for an airtight nacelle unit in order to minimise the inflow of corrosive outer air and
other marine corrosive elements (e.g. salt spray or fog). It could lead to an increase in the
internal temperature inside the nacelle such as in the generator part, which could go up to 150°C
when the cooling system is not adequately installed. 19,22,23 In modern offshore WT nacelle
designs, the application of highly corrosive-resistant materials such as for the gearbox, is
proposed to withstand such temperatures. 7,13,19,21 The new design also considers the application
of gearbox lubricants that contain a certain type of corrosion inhibitor. 8,13,16,17,20,24-26 The
application of high temperature materials or coating, ultrasonics and the installation of hot air
generators in the nacelle to reduce moisture for corrosion protection are expensive and deemed
to be uneconomical. They only prolong the onset of corrosion and its consequences. The
nacelle is still always at risk of corrosion from the salty outer-air and the lubricant (e.g.
leakages). Robinson, et.al 27 mentioned that the combined total failures of rotors, air brakes and
mechanical brakes for example in the case of German’s onshore WTs make up for 18% - 22%
of the total of subassembly failures. Although the report did not link all failures specifically to
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corrosion issues, some when occurring in the offshore WT nacelle under its operating
conditions and environment could be initiated and/or accelerated by the corrosion process such
as micro-pitting leading to fatigue cracking.
This leads to the requirement of a technology development for a cost-effective end-to-end NonDestructive Testing (NDT) corrosion detection and monitoring solution for the offshore WTs.
3,8,10,14,22,23,28-30
This solution should look for methods that allow for a continuous monitoring
of a system or a system condition by an operator from a remote and safe control room by means
of detecting or monitoring physical or electrochemical changes, for example the thickness of
the oxide films and discontinuity on the surface of the materials. The changes can potentially
be determined through measuring changes in the passive states or the electrochemical states
such as potential, current or resistivity of WT parts or materials. Figure 3 illustrates some of
the corrosion detection methods/techniques 28,30-42 30,34,37,39,41,42. It is therefore important to
determine the benchmark or the values of the corrosion parameters and thresholds to identify
the changes, which can vary with the detection techniques and materials.
The work reported here is part of the iWindCr project, which is a technology development
project funded by the Innovate UK. iWindCr aims to design a wireless smart miniaturised
sensor network (or WSN) for corrosion detection and monitoring. It utilises the concept of
Internet of Things (IoT) to integrate the WSN with satellite and terrestrial communication
networks, providing a guaranteed Internal Protocol (IP) for data backhaul from the remote
wind-farm sites to the control room. By monitoring the backhauled data, the output data can
be used as indicators or references for identifying the event and type of corrosion when it takes
place.
There are three main parts outlined in this paper. The first part presents a review of many
published reports and journals on the main turbine materials and electrochemical analysis
techniques. There are indeed many reported works on corrosion detection techniques for
various materials and environments but they are not necessarily specific to offshore WTs. This
review will therefore focus on materials and electrochemical techniques considered relevant
and suitable for the application in offshore WT corrosion detection and monitoring.
The second part discusses the rationales and challenges around the design of the sensor
interface system. The challenges are mainly related to the development of a miniaturised
system, energy harvesting, and the integration of the two selected electrochemical analysis
techniques for corrosion detection and monitoring onto the sensor interface system.
The final part reports the verification programme of the iWindCr WSN. One of the outcomes
of this programme is the development of a database of electrochemical analysis corrosion
parameter outputs or threshold values as a function of materials and environment. The database
will benefit the end-users such as wind farm owners or managers and inspectors by providing
benchmark data in order to identify the occurrence and type of corrosion. Considering the data
scatter and the variability of the data sources, and for the repeatability and reliability of the
database, the data are validated. For this purpose, iWindCr also includes in its programme the
in-house laboratory testing performed to the specification or test conditions and environment
as close as to those reported in the literature as well as in compliance to the relevant
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international testing standards. Although the in-house laboratory data from testing are included
in the data presented here, the verification and validation tests and their outputs will not be
discussed in detail as these are outside the scopes of this paper.

Materials for the offshore WT Structures
The offshore WT structure typically comprises of various materials such as polymers,
composite, concrete and metallic alloys. 1,11,12,43-49 The majority of the structure is made of one
or more metallic components as illustrated in Figure 2 The type of the metal and the kind of
alloy vary depending on the size and part of the WT. Aluminium alloys and other light metallic
alloys are typically chosen for a small turbine to reduce the cost of the production. While for a
large WT, steels are more commonly used to provide the structural strength.
The types of steel used for the tower and the foundation of the offshore WTs are typically
structural steels such as weathering steels, also known as atmospheric corrosion resistant steels.
The standard BS EN10025 50 classifies S235, S275, S355, S420, S690 and S890 in relation to
the increased yield strength of the steel. The transition piece typically used in a monopole
structure is commonly manufactured using steel-flange-reinforced shear panels using stainless
steels such as the SS316, which require a lot of welding at the joints. Recently, the high
performance compact-reinforced-composite (CRC) has been studied as an alternative to the
steel flange for the transition piece material 18,51. Though stainless steels provide good strength
to resist aerodynamic and mechanical loadings.
Towers of small WTs commonly are using the BS-EN573 49 classified aluminium alloys
including the AA 3103, and 5052 because of their good cost-efficiency whilst the larger WT
towers comprise more of steel alloys. These alloys will have corrosion protection such as
sacrificial anode and/or protective coatings because of their exposure to aggressive
environments such as seawater or salt spray, ultraviolet radiation, microorganisms. Details on
corrosion prevention methods and protection of wind turbine components can be found in
8,10,15,19,20,24-26,29,30,37,52-55
.
The WT materials for the nacelle gearbox and the rotor hub are mainly carbon steels with a
small percentage of aluminium and copper alloys. Stainless steels and aluminium alloys that
have low wear (scuffing) resistance are not suitable for gears, instead case hardened or
chromium-molybdenum alloy steels (18-5 or 17-6 NiCrMo) are used.16,19,20,29 There is a larger
percentage of copper alloys found in the generator because of its good electromagnetic
conductivity. The weathering and other carbon steels can be employed in the fabrication of the
nacelle bedplate. Since they have low corrosion resistance, they must be protected by means of
surface treatments such as epoxy painting or metal-spraying.1,11,12,24-27
Stainless steels are traditionally used for the rotor hub and the blades because of the elevated
hardness, high corrosion resistance and good mechanical properties. To reduce the weight-tostrength ratio, aluminium alloys of series 2XXX, 3XXX, 6XXX and 7XXX would be a good
substitute due to their lightness, acceptable mechanical properties and cost efficiency. 11,46,56,57
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The Aluminium alloys 6XXX are used as an alternative for the blades hub, especially for the
smaller WT blades.27,46 As the turbine design and technology continuously evolve, blades will
see the use of composites for example metal matrix composite (MMC) involving steel, GlassFiber-Reinforced-Plastic (GFRP) and Carbon-Fibre-Reinforced Plastic (CFRP). 7,18,51,58

Overview on Corrosion processes and detection methods suitable for offshore WT
Structures
Due to their specific operating conditions and exposed environment, the offshore WT structures
would be more likely to experience a typical wet corrosion. From the type of attack,31,32,38,59,60
wet corrosion can be classified as either uniform or localised. The uniform attack is considered
less harmful for metallic materials because it commonly generates a non-uniform or loose oxide
or passive film that could slow down further corrosion of the bulk material. The uniform
corrosion is easily identifiable due to its wide attack area. The localised corrosion is more
difficult to detect due to its confined nature on a metal surface and the ability to penetrate
deeper through the thickness of the parts producing sharply defined holes. Crevice and pitting
are examples of a localised corrosion. Pitting is the most insidious forms of corrosion and when
present on clean metal surfaces, it indicates the start of breakdown of passivity and/or of
inhibitor-produced protection. Pitting can be even more damaging when hidden under surface
deposits, for example under the oxide layers/corrosion products, coating or painting. Pitting
can act as an anode and the metal surface acts as a cathode creating a continuous cycle of an
active galvanic cell. On fresh surfaces of a metal such as stainless steel with only a few scattered
pits, when the ratio of cathode-to-anode area is high, penetration progresses more rapidly
causing accelerated localized attacks. This could happen, for example, when the steels are
exposed to an oxygenated NaCl electrolyte, from either full immersion in salt water or even
from the intermittent salt spray/fog. This is the most common environment of the offshore
WTs. Pitting is generally more distributed over the fresh surface with carbon and low alloy
steels in relatively moderate corrosion environment. The type of localised corrosion would very
much depend on materials, environmental conditions and other factors, such as parts’ geometry
or interferences with other processes like wear, friction, and fatigue. 32,33,35,38,60-62
The localised wet corrosion is considered more problematic to the health of the offshore WT
structures because they exhibit a higher corrosion rate and are more difficult to detect. Small
isolated pits on a generally non-corroded surface are virtually indistinguishable.
There are various methods/techniques that can be used for corrosion detection and monitoring.
Commonly they are classified according to the type of signals such as electromagnetic
radiation, electric and sonic wave signals. These methods can be further subcategorised
depending on the applied signal ranges used for analyses or on the specification of evaluation.
A schematic summary of the different corrosion detection and monitoring methods can be seen
in Figure 3. 30,34,37,39,41,42 The use of in-situ techniques such as ultrasonic, acoustic emission
(AE) or X-Ray among others represented in Figure 3 allows the detection of pitting or other
localised corrosion. With regards to detection and monitoring corrosion of a structure in a
remote and inaccessible location, these techniques have their limitations. One of which is due
7

to access for the operator and the power source. 14,28,34 Autonomous techniques and solutions
are needed to provide exhaustive and detailed information on the corrosion process that are
reliable and cost effective. The application of Real Time Remote Sensing (RTRS) technology
would have the means to perform such tasks. 7,8,14,22,23,30,34,39,41,42 This technology utilises a
sensor system that can remotely monitor the physical and electrochemical changes. The
electrochemical analysis techniques can therefore be adapted onto the sensor system in order
to measure the changes for example through the measurements of current, resistance or the
electrode potential between the surface of the metals (cathode) and a certain standard reference
which could well be another metal (anode, also known as standard electrode). These
techniques which include the Open Circuit Potential (OCP), the Electrochemistry Impedance
Spectroscopy (EIS), the Zero Resistance Ammeter (ZRA), the Linear Polarisation Resistance
(LPR) and the Electrochemical Noise (EN) are briefly discussed as follows in view to
determine suitable techniques that can be implemented in a WSN system. 31,32,34,35,38,59,61-67
The OCP is often referred to as the equilibrium potential or the rest potential. It is a nondestructive and passive technique. A passive sensor simply detects and responds to some type
of input from the physical environment without the need of external source of power to operate.
This method can be used to provide information on the fresh metal corrosion potential which
is used as the starting points for the application of electrochemical protection method, to
determine the potential distribution on the corroding surfaces that can be used to indicate
heterogeneous mixed electrodes and can distinguish whether the corrosion system is in active
or in passive state. The OCP method measures the electrode potential, E as a function of
temperature and concentration of the oxidised and reduced solutions (see Equation 1).
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This method is unsuitable for determining the rate of corrosion because of the non-kinetic and
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thermodynamics nature of the parameters. The corrosion density current, Icorr (= % ) can be
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indirectly evaluated when the polarization resistance, Rp is known. The corrosion reaction is
commonly non-ohmic resistance i.e. the increase in current with the electrode potential does
not follow a straight line.
The LRP is a non-destructive, active technique (requires external power to operate) utilising a
Direct Current (DC) or Alternating Current (AC). This technique can be used to identify the
two types of corrosion (general/uniform or localised). The corrosion density current, Icorr can
be evaluated since the LRP measures the changes of the electrode potential and the current
density to calculate the polarization resistance, Rp. Their relationships are shown in Equations
2 and 3.
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The Tafel anodic and cathodic slopes βa and βc , respectively are very specific to a certain
corrosion process. These slopes can be determined by employing a Potentiodynamic
Polarization Curve (PPC) technique, which is categorically a destructive technique. Although
the LRP can define the Icorr for certain corrosion process, this method is unsuitable for diffusion
controlled - corrosion process e.g. for metals with passive film.
The EIS is a non-destructive, active technique, which utilises a small amplitude alternating
current (AC) signal to probe the impedance characteristics of a cell, which normally constitutes
of an anode, a cathode and an electrolyte (electrically conducting solution). The AC signal is
scanned over a wide range of frequencies to generate an impedance spectrum for the
electrochemical cell under test. This technique allows the study of capacitive, inductive, and
diffusion processes taking place in the electrochemical cell and therefore can be used to
determine when breakage of the passive film or a localised corrosion has occurred. This
technique provides the polarisation resistance Rp as that obtained from the LPR technique and
therefore can evaluate the corrosion current density.
Equations 5-7 show the relationships between the impedance, Z(f) as a function of time, t and
the polarisation resistance, Rp which is the resistance at the lowest frequency (≤0.01 Hz). Using
Equations 3 and 4, the current density can be evaluated.
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The ZRA is a non-destructive and passive electrochemical technique that can measure directly
the current density in the corrosion system by only considering the stable current density
measurements. This can be statistically calculated using Equation 8.
e
∑2
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The EN is also a non-destructive and passive technique. This technique is able to differentiate
between the general/uniform and localised corrosion. Furthermore, it can identify the distinct
kind of localised corrosion, such as inter-granular, pitting or galvanic. The EN technique can
provide the same detailed information on the corrosion process or output parameters as those
obtained from the ZRA and LPR techniques. Equations 9 and 10 are the equations associated
with this technique. IR.M.S can be calculated using Equation 8.
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With the exception of the OCP, the discussed techniques are able to provide or estimate the
corrosion current density, Icorr. This parameter could be correlated to the rate of corrosion as
represented in Equation 11.
n. 9 =
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PPC is another electrochemical analysis technique however it is known to be a destructive
method. PPC will therefore not be considered as a suitable technique for the iWindcr
electrochemical sensor. For completeness, this technique is also discussed here. Its corrosion
outputs such as the Tafel slopes are however very useful for the corrosion database as
previously discussed. This technique is based on the continuous and constant perturbation of
the corrosion system potential and the measurement of its current density in parallel. Equation
12 represents the correlation between the electrode potential and the current density.
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The Ecorr vs Icorr curve generated from the PPC technique can be differentiated into two parts,
which are one for the reduction or cathodic reaction and another for the oxidation or anodic
reaction. In the cathodic part, the cathodic current density is much higher than anodic current
density. In the anodic part the opposite is true. Equations 13 and 14 show their correlations,
respectively.
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Equation (14)
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In addition, PPC can determine the safety or passive potential range, ΔEp. ΔEp is the electrode
potential range between the Ecorr and the breakage passive film potential, Ebp. The Ebp is the
applied electrode potential in the anodic part that causes a sudden increase of the anodic current
density, Ia.

Designing iWindCr WSN: Rationales and Challenges
The iWindCr project first must define the user and system requirements for the WSN. The user
requirements are based on the Operation and Maintenance (O&M) of the offshore WTs. The
O&M varies depending on the type and size of the WTs. Hence it is difficult to come up with
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a one-fits-all approach, particularly in relation to positioning, powering and installing the WSN.
Many studies on maintenance strategies of the WTs that have been conducted used the
historical failures of certain structures/parts as references. From which the approach of many
WT operators currently is based on, i.e. to go through maintenance (repair) about two times a
year. 44,45,47,68 Due to the cost issue which is typically 5 to 10 times more than those of the
onshore WTs, there is a demand of reduced maintenance i.e. frequency and downtime. 17,47,57,68
DOWEC concept, a project funded by NOVEM, the Dutch Agency for Energy and
Environment, for example, has proposed a targeted service demand of a visit once per 12-18
months. 47 The downtime is considered to be of 5-10 days, again depending on the location of
repairs, the need of deployment and the built of the towers or cranes and the failures. 44,45,68
The iWindCr WSN is therefore aiming for a design life of 3-5 years.
One thing that was identified as the main challenge when defining the system requirements is
powering the WSN system. Considering the iWindCr deployment plan, illustrated in Figure 4
69
, access to and locating a power source for the WSN are relatively difficult. To ensure
reliability and safe operation, the Original Equipment Manufacturer (OEM) is normally very
specific and strict with respect to the installation and operation of their parts/products. 7,9,11,27,45
Currently, there is no possibility for the WSN system to harvest energy or power from the WT
system directly e.g. the generator. It is therefore the iWindCr WSN chose for a stand-alone
system that would not interfere with the other WT systems or parts that can risk the WT safe
and reliable operation. The energy harvesting for example from solar power is considered,
especially for the WSN installed on the tower, foundation and blades. However, for the nacelle
or gearbox parts that are mainly located in very tight and enclosed spaces, the use of a small
battery for space and weight saving is considered to provide enough power to each WSN
system node over a defined period of operation (i.e. 3-5 years), which is therefore a feasible
option.
The iWindCr WSN design therefore focuses on the development of an efficient and reduced
power miniaturised system. This design consideration drives the selection and integration of
the two passive electrochemical analysis techniques, i.e. the OCP and ZRA for the corrosion
detection and monitoring as well as the design of the sensor interface. After several design
iteration, the prototype of the sensor interface circuit diagram is shown in Figure 5. Figure 6
lists some of the parts included in the sensor interface circuit. The details of the design and
component selection of the sensor interface will however be discussed in a separate publication.
Needless to say, the design and component selection of the sensor interface circuit takes into
account power requirements for conducting the measurement i.e. taking a number of readings
at certain time intervals and for sending the data to the communication gateway that will in
turn relay the data to a backend database and finally the user interface, both via satellite. Figure
7 represents one set of data acquisition test results which are used to determine the optimum
number of data needed to collect per measurement for the OCP and ZRA analysis. The test was
also used to indicate the period for the sensor to conduct one measurement before the system
can be sent to sleep (in order to minimise power consumption). The tests showed that stable
outputs, in this case the electrode potential, could be obtained by the sensor when using the
OCP electrochemical analysis technique with a minimum of 30 readings per one measurement
and with the acquisition time approximately of 120 seconds. Figure 7 furthermore indicates the
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independency of the outputs to the type of test material. In order to test the reliability of the
sensor in relation to data scatter, an assessment using variance or standard deviation was
performed. Figure 7 also demonstrates that the SD or variance does not affect the corrosion
sensor output. The WSN is currently designed with the capability to collect 40 sensor readings
within 120 seconds per measurement. With the current design and power, the WSN could take
up to 12 measurements per day.
Corrosion outputs/parameters database
As previously discussed, the electrochemical analysis techniques can be used to determine the
occurrence and to identify types of corrosion through the characterisation of their associated
corrosion parameters as illustrated in Table 1. The corrosion outputs of the electrochemical
analysis techniques have a big dependency on the type of materials and environmental
conditions such as temperature, type and pH of the solutions or solvents that the materials are
exposed to. The database containing the corrosion outputs/thresholds for various metals
typically used in tower, foundation and nacelle parts of offshore WTs are represented in Tables
2 and 3. These data are collated from the literature as well as from the in-house laboratory tests.
Only the literature data from the tests performed in accordance with or in compliance to certain
industrial or international standards are included. Table 4 lists the relevant standards. These
standards allow for obtaining and controlling the known environment conditions such as pH,
temperature, and composition of the solvents. These conditions defined in the standards should
closely represent the actual conditions in the field, although other factors from the actual
operational environment of the turbine components, for example, the direct stress and shear
from the loading application may not be taken into account in this case. As part of the iWindCr
programme, all these literature data are to be verified and validated by performing in-house
testing. Having these standards to follow would certainly help these processes i.e. assuring the
repeatability and reliability in the data generation.
The database construction of the corrosion parameter outputs or threshold values aims to
provide end users with a benchmark for corrosion detection and monitoring purposes. Figure
8 shows a screenshot of the prototype user interface software developed to inform users
whether corrosion has been detected for a particular part or structure of the WT. The database
will also be integrated in the data analytics of the iWindCr user interface. Utilising the OCP
and ZRA analysis techniques, as previously discussed, the type of corrosion as well as
corrosion rate or remaining life of a monitored component can be determined. The outputs from
these two techniques can be used to inform the users when the uniform attack takes place
(general corrosion) or when the passive film breaks (localised corrosion). In addition, using the
ZRA analysis technique, the measured current can be used to evaluate the rate of material loss
due to corrosion. Figure 9 shows the ZRA corrosion current density measurement with time
derived from the sensor data reading of a 316 stainless steel after exposure in the seawater
environment (pH=8.3) at room temperature.
From the measurement, IR.M.S could be
determined and the ZRA analysis technique can be used to evaluate the corrosion rate, C.R.
(Equation 11). The C.R of the non-corroded and corroded 316SS test sample in this case were
estimated to be 2.286.10-5 cm/year and 1.260.10-4 cm/year, respectively.
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Although in general, the electrochemical analysis techniques and corrosion parameter outputs
of structural metals are well published, 53-55,70-77 the reports on electrochemical analysis work
directly related to some of the offshore WT foundation and tower materials and their
environments are rather difficult to obtain. For example, there was no reference in this related
matter on the weathering steel such as S235 or S355 or aluminium alloys 8060 which are
commonly used materials in the foundation/tower. It is even rarer to find the published
corrosion outputs for the WT nacelle or gearbox materials. The published corrosion parameter
outputs of the stainless steel 316 are mainly limited to those obtained from the laboratory
testing using seawater environment but not in any other or mixed environments such as
seawater in the presence of microorganisms or lubricants. This mixed environment is most
likely to be presence inside the nacelle of the WTs.

Conclusion
The work reported in this paper is conducted as part of the iWindCr project, supported and
funded by the Innovate UK. The iWindCr project aims to design a WSN system for autonomous
corrosion detection and monitoring of offshore WT structures. This can be achieved through
the implementation of Real Time Remote Sensing (RTRS) technology utilising
electrochemical sensor as there are limitations with the use of in-situ techniques such as
ultrasonic, acoustic emission and X-Ray with regards to the access for operators and to the
power source. The electrochemical sensors instead would allow to remotely monitor the
physical and electrochemical changes that take place on the metallic materials. The nondestructive and passive electrochemical techniques such as OCP and ZRA are integrated into
the sensor interface of the WSN system to measure the electrode potential and current
respectively between the component (metal) surfaces with respect to a certain or standard
reference (electrode) to indicate when corrosion or breakage of the passive film has occurred.
Choosing these passive techniques helps reducing the power requirements. The design of the
sensor interface needs to consider carefully its power and current requirements, as this will
determine the overall consumption and period of operation.
In addition to the discussion on the main offshore WT materials, this paper presents an
overview of the electrochemical analysis techniques including the OCP, EIS and EN. The
database of the corrosion parameter outputs and threshold values of the metallic alloys and
their relevant environments specific to offshore WTs structures, in this case the foundation,
tower and nacelle (gearbox), are presented. The database can be used as a benchmark for the
corrosion detection and monitoring by the end-users. In addition, the database is integrated
into the data analytics of the iWindCr user interface software, which will enable the life
prediction of such monitored WT parts/structures to also be included in the software. This paper
highlights how limited the current published corrosion data are with respect to metallic
materials and environments of the offshore WT parts/structures. The database can also provide
guidance for users to enable corrosion detection and monitoring of such complex and
diversified structures. Some of the presented literature data are yet to be verified and validated.
iWindCr has included in its programme these activities as well as extensive and comprehensive
electrochemical testing on previously reviewed WT metallic materials.
13

Although the work reported here mainly focuses on offshore WT structures, the proposed WSN
should be feasibly applicable for other engineering structures in other sectors such as oil and
gas, marine, automotive and aeronautics.
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Figures

Figure 1: Onshore and Offshore Wind Turbines. 10
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Figure 2: Schematic drawing of the WT parts, metallic materials and environments of the offshore WT.
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Figure 3: Corrosion detection and monitoring methods/techniques
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Figure 4: Deployment plan of the iWindCr WSN system for corrosion detection and monitoring 69
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Figure 5: Sensor interface electronic circuit diagram
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a. OCP and ZRA Mode Switches
b. Analog to Digital Converter
c. Current to Voltage Converter
d. Quasi Ground 2.5V Reference
e. RS 232 Communication
f.

Voltage Level Shifter

g. Power rail switch
h. Voltage Regulator
i.

Supply and Supply monitor

j.

Nano-timer

k. Ground
l.

Programming Port

m. Micro-computer

Figure 6: List of key parts in the sensor interface electronic circuit
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Figure 7: Data acquisition sensor performance testing in seawater at Room Temperature (a)-(b) of non-corroded, (c)-(d) of corroded test
samples.
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Figure 8. Screenshot of the user interface prototype software
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Figure 9. Current density measurements as a function of the time to determine current density root mean square from a) non-corroded
and b) corroded 316L Stainless Steel in Seawater.
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Tables.
Table 1: Type of corrosion and attack through the characterisation of their associated electrochemical corrosion parameters. 35,62,63,66,78,79
Output Parameters
Type of attack

Type of Corrosion

Uniform/General

Ea
X

Rnb LIb
X

Slopeb Rc

Cc

ηc

ζc

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Inter-granular

X

X

X

X

X

X

X

X

Exfoliation

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Pitting
Galvanic

Hydrogen Embrittlement
Localised

PSDb

X

X

Crevice

X

X

X

X

X

X

X

X

Stress Corrosion Crack

X

X

X

X

X

X

X

X

Fatigue

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Fretting

X

Microbial

X

Filling

X

X

X

X

a

OCP outputs (E=Electrode Potential)
EN outputs (Rn = noise resistance, LI = Localised Index and PSD = Power Spectrum Density)
c
EIS outputs (R = resistance, C = capacitance, η = type of element and ζ = number of time constants)
b
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Table 2. Corrosion parameter outputs and threshold values of tower and foundation materials
Environment

Experimental Conditions

Carbon Steel 23554

pH=7 and at 303 K
pH=8.3 and at 298 K
Tribological process
Tribological process and at
273 K, 303 K and 333 K
pH=8.2 and at 345 K
pH=8.2 and at 303 K
pH=8.2 and at 298 K
pH=7 and at 298 K
pH=7.2 and 8.2 at 298 K
pH=8.2 and at 298K

≤-0.120
≤-0.770
≤-1.060,≥-0.510
≤-0.860≤
≤ -0.660≤ at pH=7.2, ≤ -0.960≤-0.750 at pH=8.2
≤-0.680,-0.650≤

pH=8.2 and at 298K

≤-0.510.≤

pH=8.2 and at 298K

≤-0.341≤

Bacillus sp

≤-0.472≤

316 Stainless Steel55,73,75,76
Seawater
(ASTM
D1141)

3003 Aluminium Alloy71,72
5052 Aluminium Alloy70,72
355 SteelҰ
Dissimilar metals
Welding, 304, 309 and 434 Stainless Steel74
Dissimilar metals, 316 Stainless Steel and Ti6Al4V53

Seawater with
Microorganims
(ASTM
D4412)

Corrosion Output
Ea (V vs Ag/AgCl )
≥-0.652
≤-0.110, ≥0.490
≥0.248 Non-sliding, ≥0.046 Sliding

Metal

Carbon Steel 23554

75,77

316 Stainless Steel

pH=8.3 and, at 298 and at
345K

Seawater
(ASTM
D1141)
Ұ

355 Steel

pH=8.2 and at 298K

≤-0.310 Non-sliding, ≤-0.560, ≥-0.540 Sliding

Rc (Ω*cm2)

Cc(F/cm2)

ηc

ζc

<1.42*102
<2.65*105
(298 K)
<106 (345 K)

>7.6*10-5
>2.2*10-5
(298 K)

<0.83
<0.72
(298 K)

1
2
(298 K)

<1.41*103
>2.66*102
<9.94*103

>1.0*10-4
<3.6*10-4
<9.3*10-3

<0.82
>0.60
>0.16

1
2
3
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Environment

Metal

pH=8.2 and at 298K

>3.67*103
>4.89*103
-

>1.70*10-5
>7.35*10-6
<1.01*10-3

<0.90
<0.91
>0.10

1
2
3

3103 Aluminium Alloy

pH=8.2 and at 298K

>4.21*103
>3.78*103
>3.55*104

>6.57*10-6
>1.27*10-5
<1.70*10-3

<0.93
>0.97
<0.53

1
2
3

Dissimilar metals, 316 Stainless Steel and Ti6Al4V53

pH=8.2 and at 298K

3.04*104

8.71*10-5

N/A

1

Carbon Steel 23554

Bacillus sp

19.28
403.30

2.01*10-3
1.11*10-3

N/a

1
2

Dissimilar metals, 316 Stainless Steel and Ti6Al4V53

pH=8.2 and at 298K,

355 SteelҰ
5052 Aluminium AlloyҰ
3103 Aluminium AlloyҰ

pH=8.2 and at 298K
pH=8.2 and at 298K
pH=8.2 and at 298K

Ұ

5052 Aluminium Alloy

Ұ

Seawater with
Microorganims
(ASTM
D4412)
Seawater
(ASTM
D1141)
Ұ

Corrosion Output
Ea (V vs Ag/AgCl )

Experimental Conditions

Rnb (Ω*cm2)
3.68*104
<1.27*102
>67
<3.74*102

LIb
1.05
>0.04
>0.02
>0.06

Outputs obtained via in house-tests (OCP, EIS and EN) with Ag/AgCl KCl saturated as Reference Electrode and Graphite rod as Counter Electrode.
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Table 3. Corrosion parameter outputs and threshold values of gearbox materials.
Environment

Metal

Experimental Conditions

Seawater
(ASTM D114)
Oil Lubricant
(ASTM D6547))
Grease Lubricant
(ASTM D6547))
70% (Wt/Wt) Seawater and 30% (Wt/Wt)
Grease Lubricant
(ASTM D665))
Oil Lubricant
(ASTM D6547))
Grease Lubricant
(ASTM D6547))
70% (Wt/Wt) Seawater and 30% (Wt/Wt)
Grease Lubricant
(ASTM D665))
Oil Lubricant
(ASTM D6547))
Grease Lubricant
(ASTM D6547))
70% (Wt/Wt) Seawater and 30% (Wt/Wt)
Grease Lubricant
(ASTM D665))
Oil Lubricant
(ASTM D6547))
Grease Lubricant
(ASTM D6547))
70% (Wt/Wt) Seawater and 30% (Wt/Wt)
Grease Lubricant
(ASTM D665))
Lubricant (ASTM D664)

316L
Stainless Steel80

pH=8.2 and Tribological process

430 Stainless SteelҰ

pH=8.8 at 295K and pH=8.2 at
328K

Corrosion Output
Ea (V vs Ag/AgCl )
≤-0.269, ≥0.489 Non-sliding
≤-0.351/-0.421, ≥0.305 Sliding
<0.257, >3.000 at 295K
<-0.042, >3.000 at 328K

430 Stainless SteelҰ

pH=5.2 and, at 295K

<-0.090, >3.000

430 Stainless SteelҰ

pH=4.3 at 295K and pH=6.8 at
328K

235 SteelҰ

pH=8.8 at 295K and pH=8.2 at
328K

<1.219, >3.000 at 295K
<0.007, >3.000 at 328K

235 SteelҰ

pH=5.2 and, at 295K

<-0.100, >3.000

235 SteelҰ

pH=4.3 at 295K and pH=6.8 at
328K

Pure AluminiumnҰ

pH=8.8 at 295K and pH=8.2 at
328K

<-0.190, >3.000 at 295K
<-0.250, >3.000 at 328K

Pure AluminiumnҰ

pH=5.2 and, at 295K

<-0.506, >3.000

Pure AluminiumnҰ

pH=4.3 at 295K and pH=6.8 at
328K

6061-T6 Aluminium AlloyҰ

pH=8.8 at 295K and pH=8.2 at
328K

<0.718, >3.000 at 295K
<-0.129, >3.000 at 328K

6061-T6 Aluminium AlloyҰ

pH=5.2 and, at 295K

<-0.254, >3.000

6061-T6 Aluminium AlloyҰ

pH=4.3 at 295K and pH=6.8 at
328K

434

<-0.080, >3.000 at 298K
<-0.180, >1.600 at 328K

<-0.120, >3.000 at 298K
<-0.160, >3.000 at 328K

<-0.650, >0.400 at 298K
<-0.680, >3.000 at 328K

<-0.577, >0.840 at 298K
<-0.741, >-0.840 at 328K
Rc (Ω*cm2)

Cc(F/cm2)

ηc

ζc
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Environment

Metal

Experimental Conditions

Stainless Steel81

Seawater
(ASTM D114)

Oil Lubricant
(ASTM D6547))

Grease Lubricant
(ASTM D6547))

70% (Wt/Wt) Seawater and 30% (Wt/Wt)
Grease Lubricant
(ASTM D665))

Oil Lubricant
(ASTM D6547))

316L
Stainless Steel80

430 Stainless SteelҰ

Ұ

430 Stainless Steel

430 Stainless SteelҰ

Ұ

235 Steel

Corrosion Output
Ea (V vs Ag/AgCl )
5.0*10-10
2.4*10-10
1.0*10-10
1.0*10-7
5.8*10-7
2.8*10-4

Non-degraded and Degraded
Lubricant

5.8*105
1.3*107
3.5*108
6.3*108
6.9*104
2.2*104

pH=8.2 and Tribological process

70
9.7*105
Non-sliding
4.0*105
Sliding

1.1*10-5
Non-sliding
4.5*10-5
Sliding

pH=8.8 at 295K and pH=8.2 at
328K

295K
<1.7*106
>3.8*108
>4.6*106
328K
<7.8*104
<1.9*106
>6.0*104

295K
>6.9*10-9
<6.2*10-11
328K
>4.8*10-6
>6.8*10-11

pH=5.2 and, at 295K

<1.2*106
<3.0*108
>6.1*106

>3.0*10-9
>1.1*10-11

pH=4.3 at 295K and pH=6.8 at
328K

295K
<2.6*105
<7.6*107
>1.0*106
328K
<5.7*104
<1.8*106
<2.8*104

295K
>1.7*10-8
<3.0*10-11
328K
>4.1*10-6
>1.3*10-10

295K
>4.6*105
>6.8*108
>6.2*106

295K
<1.3*10-8
>1.0*10-12

pH=8.8 at 295K and pH=8.2 at
328K

1
2
3
4
5
6
1
2

295K
>0.57
328K
>0.67
<0.77
295K
<1.00
328K
>0.74
295K
>0.56
-

295K
1
2
3
1
2
3
1
2
3
295K
1
2
3
1
2
3
295K
1
2
3
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Environment

Grease Lubricant
(ASTM D6547))

70% (Wt/Wt) Seawater and 30% (Wt/Wt)
Grease Lubricant
(ASTM D665))

Oil Lubricant
(ASTM D6547))

Grease Lubricant
(ASTM D6547))

Metal

328K
>4.8*104
<4.5*106
>3.7*104

Corrosion Output
Ea (V vs Ag/AgCl )
328K
328K
>4.5*10-8
<0.70
<1.1*10-10
-

1
2
3

pH=5.2 and, at 295K

<1.2*106
>3.0*106
<2.1*106

<4.0*10-8
>6.9*10-12

<0.61
-

1
2
3

pH=4.3 at 295K and pH=6.8 at
328K

295K
<2.1*105
<8.9*107
>1.3*106
328K
<2.2*105
<8.0*105
>1.2*104

295K
>1.9*10-8
>1.9*10-11
328K
>6.6*10-7
>3.1*10-11

295K
1
2
3

295K
>6.0*105
<4.9*108
<7.4*106
328K
>4.2*104
<2.8*106
>4.4*104

295K
>2.8*10-9
>9.5*10-12
328K
>2.9*10-6
>9.4*10-11

295K
1.00
328K
<1.00
295K
>0.53
328K
>0.63
-

<3.4*106
<3.4*108
>5.0*106

>1.8*10-8
<6.2*10-11

<0.82
-

1
2
3

Experimental Conditions

Ұ

235 Steel

235 SteelҰ

Pure AluminiumnҰ

Ұ

Pure Aluminiumn

pH=8.8 at 295K and pH=8.2 at
328K

pH=5.2 and, at 295K

1
2
3
295K
1
2
3
1
2
3
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Environment

70% (Wt/Wt) Seawater and 30% (Wt/Wt)
Grease Lubricant
(ASTM D665))

Oil Lubricant
(ASTM D6547))

Grease Lubricant
(ASTM D6547))

Ұ

Metal

295K
>6.0*105
<4.9*108
<7.4*106
328K
>3.4*104
<4.2*106
>7.4*104

Corrosion Output
Ea (V vs Ag/AgCl )
295K
295K
>0.84
<9.9*10-9
<2.2*10-12
328K
328K
<1.3*10-6
>0.72
<1.1*10-11
295K
295K
-9
>0.53
>2.8*10
>9.5*10-12
328K
328K
<1.2*10-5
<0.67
>9.0*10-11
-

>1.0*106
<4.6*108
<4.9*106

>1.1*10-9
<1.2*10-11

>0.72
-

1
2
3

295K
295K
>3.8*105
>7.0*107
>1.1*10-8
<2.1*106
>2.0*10-11
328K
328K
<3.5*104
>5.1*105
>4.3*10-7
<4.8*104
>1.7*10-10
Rnb (Ω*cm2)
3.68*104

295K
1.00
328K
<0.96
-

295K
1
2
3

Experimental Conditions

pH=4.3 at 295K and pH=6.8 at
328K

Pure AluminiumnҰ

6061-T6 Aluminium AlloyҰ

Ұ

6061-T6 Aluminium Alloy

70% (Wt/Wt) Seawater and 30% (Wt/Wt)
Grease Lubricant
(ASTM D665))

6061-T6 Aluminium AlloyҰ

Seawater
ASTM D1141

Dissimilar metals, 316
Stainless Steel and Ti6Al4V53

pH=8.8 at 295K and pH=8.2 at
328K

pH=5.2 and, at 295K

pH=4.3 at 295K and pH=6.8 at
328K

pH=8.2 and at 298K,

295K
<3.8*105
<3.5*107
<2.2*106
328K
<3.3*104
<6.3*105
<5.5*104

295K
1
2
3
1
2
3
295K
1
2
3
1
2
3

1
2
3
LIb
1.05

Outputs obtained via in house-tests (OCP, EIS and EN) with Ag/AgCl KCl saturated as Reference Electrode and Graphite rod as Counter Electrode.
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Table.4. List of International/Industrial Standards and Testing Procedures
Issuing
Institution
ASTM82
83

Standard

Title

Environment

D1141

Standard Practice of Preparation of Substitute Ocean Water
Standard Test Methods for Reducing Bacteria In Water and
Water Formed
Standard Test Method for Acid Number of Petroleum
Products by Potentiometric Titration
Standard Test Method for Corrosiveness of Lubricanting
Fluid to Bimetallic Couple.
Corrosiveness and Oxidation Stability of Light Oils
Standar Test Method for Detection of Copper Corrosion
from Lubricanting Grease.
Standard Test Method for Rust-Prevention
Characteristics of Inhibited Mineral Oil in the Presence
of Water
Standard Practice for Operating Salt Spray (Fog)
Apparatus.
Acid Spray Testing
Standard Practice for Modified Salt Spray (Fog) Testing

Seawater

ASTM

D4412

ASTM84

D664

ASTM85

D6547

FED-STD86

791 Method 5308

ASTM87

D4048

ASTM88

D665

ASTM89

B117

DIN90
ASTM91

50021-ESS
G85

Seawater with Microorganisms

Lubricant

Mixture of Lubricant with Water

Salt spray/fog
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