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ABOUT MARINET
The MaRINET2 project is the second iteration of the successful EU funded MaRINET Infrastructures Network, both
of which are coordinated and managed by Irish research centre MaREI in University College Cork and avail of the
Lir National Ocean Test Facilities.
MaRINET2 is a €10.5 million project which includes 39 organisations representing some of the top offshore
renewable energy testing facilities in Europe and globally. The project depends on strong international ties across
Europe and draws on the expertise and participation of 13 countries. Over 80 experts from these distinguished
centres across Europe will be descending on Dublin for the launch and kick-off meeting on the 2nd of February.
The original MaRINET project has been described as a “model of success that demonstrates what the EU can
achieve in terms of collaboration and sharing knowledge transnationally”. Máire Geoghegan-Quinn, European
Commissioner for Research, Innovation and Science, November 2013
MARINET2 expands on the success of its predecessor with an even greater number and variety of testing facilities
across offshore wind, wave, tidal current, electrical and environmental/cross-cutting sectors. The project not only
aims to provide greater access to testing infrastructures across Europe, but also is driven to improve the quality
of testing internationally through standardisation of testing and staff exchange programmes.
The MaRINET2 project will run in parallel to the MaREI, UCC coordinated EU marinerg-i project which aims to
develop a business plan to put this international network of infrastructures on the European Strategy Forum for
Research Infrastructures (ESFRI) roadmap.
The project will include at least 5 trans-national access calls where applicants can submit proposals for testing in
the online portal. Details of and links to the call submission system are available on the project website
www.marinet2.eu

This project has received funding from the European Union’s
Horizon 2020 research and innovation programme under grant
agreement number 731084.
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1 Introduction & Background
1.1 Introduction
Offshore structures are almost entirely assembled by metals. Like all material selection challenges a balance
between material suitability and material cost is required. For carbon steel this balance yields a low cost material
with excellent mechanical properties for its function as a structural material [1]. It does however suffer in one
aspect with its corrosion performance being extremely lacklustre in an offshore environment [1]. As a result a
cost efficient way of supplementing carbon steel’s corrosion performance is to coat it with an organic polymer
[2]. These polymers function as a physical barrier between the substrate and the electrolyte, with a high
impedance to prevent electrical continuity between locations of corrosion (cathode and anode), and can also
contain additive materials which can reduce the rate of corrosion of the substrate (e.g. glass flakes, titanium
oxide, red iron oxide or zinc phosphate) [3-6].
However applying a polymer coating is not the end of the story, as unfortunately these coatings deteriorate
overtime and their corrosion barrier properties along with them. This inevitably leads to corrosion of the
substrate often first observed in the form of blistering of the coating, where products of the corrosion reaction
delaminate the coating from the substrate rendering the coating no longer functional.
A question researchers have been asking, is possible to detect corrosion of the substrate beneath the coating
before a blister forms and significant metal loss occurs? Can a coating system be designed to sense corrosion of
the underlying substrate and give a visual indication that can be observed by the human eye? And assist in early
identification of corrosion vulnerabilities, thereby reducing maintenance and asset downtime.
In short, yes. Many researchers have developed a range of potential coatings that react with anodic corrosion
products, cathodic corrosion products, or mechanical damage to give a visible colour change or a fluorescent
colour that highlight areas of coating damage and underlying corrosion. A summary of this research was
conducted by L.Ma et al and published in November 2020 [7]. In this report the author has reviewed the
published papers that are relevant to the coating systems investigated in this project. These consist of coatings
systems which react with the products of the cathodic reactions occurring during the corrosion of a metallic
substrate to give a colour change observable in the visible spectrum. Systems reacting to mechanical damage or
anodic products have been excluded along with fluorescent indicating systems.
The first researchers to develop a corrosion sensing coating system were, Frankel & Zhang, who combined pH
sensitive dyes, dyes that change colour when in differing pH environments, with a polymer coating. They mixed
phenolphthalein directly with a colourless acrylic paint [8]. Phenolphthalein is colourless at a pH <8.2, above this
it is pink until pH 10.0 where it is colourless again. By leveraging the knowledge that as metal dissolution begins
(1) (the anodic reaction), the cathodic reactions of corrosion produce hydroxide ions (2) and the cathodic
regions observe an increase in pH. This increase in pH deprotonates the pH sensitive dye (phenolphthalein),
rearranging it’s structure, yielding colour change observable on the visible spectrum. Therefore regions of the
substrate that are experiencing corrosion can be identified by a pink colour change beneath their, colourless,
acrylic coating [8].
Metal Dissolution (anodic reaction)

M → Mn+ + ne-

(1)

Cathodic reaction

O2 + 2H2O → 4OH- + 4e-

(2)

This research demonstrated that it was possible to combine the pH sensitive dyes with an polymer coating in
order to give a corrosion sensing coating. Other researchers, wary of interactions between the dye and the
polymer during curing, used microencapsulation techniques to house the pH sensitive dye until it was needed on
the initiation of the corrosion reaction. Taking advantage of the pH increase to not only give the colour change
of the pH sensitive dye but to also release the dye from the microcapsule. Calle et al., investigated oil and water
based microcapsules loaded with corrosion inhibitors and phenolphthalein in polyurethane and epoxy coatings
[9-11]. They conducted scribe test of metallic coupons, initiating corrosion through the defect, adhesion testing,
and an immersion testing of a number of bolts, replicating a more localised corrosion that is difficult to observe
[9-11]. It is interesting to note, as Dhole et al. did, that the pH sensitive dyes are not suitable in liquid epoxy
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paints as the hardener utilised for the curing reaction, triethylenetetramine (TETA), produces OH-, which they
found would react with a pH sensitive dye mixed in with the paint [12]. It is probable to assume that either the
pH porous microcapsules would be vulnerable to the same mechanism and a colour change would be observable
during cure or the pH required for the microcapsules to release the dye is high, therefore requiring more
corrosion to occur before the system can sense it. Maia et al. took two approaches [13-14]. The first
investigation utilised a two pack epoxy film containing mesoporous silica nanocontainers loaded with
phenolphthalein. The mesoporous nature of this coating system lends it to leach less phenolphthalein, which the
authors showed through corrosion sensing exposure tests (0.5 NaCl) on aluminium (AA2024) and magnesium
alloys (AZ31) [13]. This system, unlike other microcapsules, is open to hydroxide ion diffusion, therefore the
microcapsules do not disintegrate and become a water ingress pathway for the coating [13]. A similar issue as
to Calle et al.’s research through the usage of pH sensitive materials and liquid epoxies, how was the coating
cured but without activation of the pH sensitive materials? Again a possible reason must be that the pH for
required to penetrate the microcapsule is higher than it would be if the dye were outside the capsule, this must
mean there is a delay and an amount of corrosion that goes undetected before the coating system can signal
that corrosion has occurred. Their second investigation, involved polyurea microcapsules mounted in a
polyurethane coating on AZ31 magnesium or AA2024 aluminium alloy substrates [14]. Immersion testing in 0.5
NaCl solution for 1 week caused corrosion to develop, the increase in pH induced the microcapsules to release
the encapsulated phenolphthalein in its pink coloured form [14]. Galvao et al., also investigated mesoporous
silica nanocapsules containing phenolphthalein which were mixed in an acrylic polyurethane emulsion and
treated on an aluminium alloy AA2024. This system is also open to hydroxide ion diffusion and retains
phenolphthalein and nanocapsule structure throughout the corrosion exposure [15]. Continuing research in to
corrosion sensing coatings for AZ31 alloys, Mata et al. developed a poly ether imide (PEI) coating with silica
nano-sized capsules loaded with phenolphthalein [16]. Immersion, NaOH drop tests and differential video
imaging combined with EIS (0.5M NaCl), on the coated substrate and delaminated coating, demonstrated visual
corrosion sensing functionality at a sensitivity higher than EIS could offer [16]. A dual stimuli responsive selfreporting thiol-epoxy thermoset (DSRTET) was the topic of research for Lee et al. [17]. This system, contains
microcapsules for crack detection and thymol blue for pH changes, designed to detect the penetration of a high
pH or low pH solution to the matrix of the coating. Once again it is interesting to note that the authors managed
to mix a two pack epoxy liquid with a pH sensitive dye, contradiction to Dhole et al., who, as mentioned
previously, states that the pH sensitive dyes are not compatible with epoxy paints [12]. It should also be noted
that Lee et al. did not conduct any corrosion immersion tests of their coating on their stainless steel substrate,
so did not demonstrate corrosion sensing through experimentation only inference through the immersion of the
coating samples in target pH liquids. And finally, a chitosan coating with microspheres containing bromocresol
green, cresol red and phenolphthalein were utilised by Sousa et al. to protect aluminium alloys in a 0.05 M NaCl
solution [18]. Firstly it should be noted that 0.05 M NaCl is a significantly lower concentration than the
electrolyte used by other researchers for the same purpose. Additionally, their research reported some findings
that contradict intuition for the pH sensitive dyes. They reported that chitosan microcapsules, containing
phenolphthalein, when immersed in solutions of incrementally higher pH only turned pink at pH 10.0 and were
strongly pink by pH 12. These findings go against the current pH colour change profile, where phenolphthalein
is reported to be colourless at a pH >10.0 [19-21]. Further too, the authors conducted a release study for the
chitosan microcapsules with their various dyes by immersing them in a pH 4 solution or a pH 10 solution and
using a spectrophotometer to detect the presence of dyes. While the author’s awareness of the solubilities of
the dyes is correct, the use of a spectrophotometer to detect the presence of the dye rather an FTIR may result
in a misleading picture implying that dye has not been released because it is not absorbing at the detection
wavelength.
From the literature a number of tendencies and gaps can be observed. Nearly all the research has utilised
microcapsules, this is most likely due to a caution against reactions between dyes and catalyst (hardener) for
polymerisation of the polymer e.g. TETA. A simple solution to this maybe to make use of a coating system that
cures without the use of catalysts e.g. powder polymer coatings. Another take away, most likely related to the
time scales of research and the early development stage of it, is the lack of real world testing and the use of
NaCl solutions. These coating systems are designed for real environments external to the laboratory, therefore
will be exposed to a far more complicated and aggressive environment than an immersion test or even salt
spray test can demonstrate specifically for the offshore environment.
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In answer to this, the investigation detailed in this document attempts to illuminate these areas of reduced
researcher focus. The aim is to evaluate the performance of two corrosion sensing polymer coatings on carbon
steel and thermally sprayed zinc and aluminium (TSZA), Zn85%/Al15%, carbon steel. Carbon steel is a common
construction materials for the renewable energy sector and TSZA is a commonly used sacrificial metallic coating
for carbon steel assembled offshore renewable energy structures. The polymer coatings were manufactured
from either epoxy powder or polyester powder coating systems with a layer to pH sensitive dye (either
phenolphthalein or thymol blue) on the substrate before the polymer coating. The samples performances were
evaluated in a real offshore marine environment alongside samples without dyes and samples of a typical
commercial liquid epoxy coating for comparison.
It should be noted here that investigations prior to this research demonstrated the compatibility of the corrosion
sensing coating systems and demonstrated corrosion sensing performance on both substrates in the laboratory
through exposure to synthetic seawater (ASTM D1141) [22].

1.2 Development So Far
1.2.1 Stage Gate Progress
Previously completed: 
Planned for this project:

STAGE GATE CRITERIA
Stage 1 – Concept Validation
Linear monochromatic waves to validate or calibrate numerical models of the system (25 – 100
waves)
Finite monochromatic waves to include higher order effects (25 –100 waves)
Hull(s) sea worthiness in real seas (scaled duration at 3 hours)
Restricted degrees of freedom (DofF) if required by the early mathematical models
Provide the empirical hydrodynamic co-efficient associated with the device (for mathematical
modelling tuning)
Investigate physical process governing device response. May not be well defined theoretically or
numerically solvable
Real seaway productivity (scaled duration at 20-30 minutes)
Initially 2-D (flume) test programme
Short crested seas need only be run at this early stage if the devices anticipated performance
would be significantly affected by them
Evidence of the device seaworthiness
Initial indication of the full system load regimes
Stage 2 – Design Validation
Accurately simulated PTO characteristics
Performance in real seaways (long and short crested)
Survival loading and extreme motion behaviour.
Active damping control (may be deferred to Stage 3)
Device design changes and modifications
Mooring arrangements and effects on motion
Data for proposed PTO design and bench testing (Stage 3)
Engineering Design (Prototype), feasibility and costing
Site Review for Stage 3 and Stage 4 deployments
Over topping rates



Status























Stage 3 – Sub-Systems Validation
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STAGE GATE CRITERIA
To investigate physical properties not well scaled & validate performance figures
To employ a realistic/actual PTO and generating system & develop control strategies
To qualify environmental factors (i.e. the device on the environment and vice versa) e.g. marine
growth, corrosion, windage and current drag
To validate electrical supply quality and power electronic requirements.
To quantify survival conditions, mooring behaviour and hull seaworthiness
Manufacturing, deployment, recovery and O&M (component reliability)
Project planning and management, including licensing, certification, insurance etc.

Status








Stage 4 – Solo Device Validation
Hull seaworthiness and survival strategies
Mooring and cable connection issues, including failure modes
PTO performance and reliability
Component and assembly longevity
Electricity supply quality (absorbed/pneumatic power-converted/electrical power)
Application in local wave climate conditions
Project management, manufacturing, deployment, recovery, etc
Service, maintenance and operational experience [O&M]
Accepted EIA











Stage 5 – Multi-Device Demonstration
Economic Feasibility/Profitability
Multiple units performance
Device array interactions
Power supply interaction & quality
Environmental impact issues
Full technical and economic due diligence
Compliance of all operations with existing legal requirements









1.2.2 Plan For This Access
As mentioned previously, the corrosion exposure performance of two powder polymers on steel and TSZA
coated steel pre-coated with either phenolphthalein or thymol blue are being tested in a real offshore
environment. The exposure period was 6 months. The coating systems are designed to detect corrosion of the
underlying substrate, and the substrates are typical offshore construction materials for renewable energy sector.
In regard to criteria planning for this investigation the following two points were probed:
1. Evidence of Device Seaworthiness.
2. To qualify environmental factors (i.e. the device on the environment and vice versa) e.g. marine
growth, corrosion, windage and current drag.
The access granted allowed for the observation of the corrosion sensing coatings under the experience of a real
corrosive environment with periodic inspection the results of which were reported back. The inspections allow
the functionality of the corrosion sensing ability of the coatings to be assessed along with their corrosion
protection performance. Control samples of the coatings without dyes were utilised in addition to a typical
commercial liquid offshore epoxy coating.
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2 Outline of Work Carried Out
2.1 Sample Preparation
2.1.1

Materials

The materials utilised for the fabrication of the samples were as follows. Steel S355J2+N was purchased from
Parker Steel Ltd (UK) with a composition of (C-0.15%, Mn-1.35%, Si-0.03%, P-0.016%, S-0.005%, Cr-0.08%,
Ni-0.06%, Cu-0.17%, Al-0.036%, V-0.005%, Mo-0.014%, Nb-0.004, Ti-0.0%, & N-0.006%). The pH sensitive
dyes, phenolphthalein and thymol blue were all purchased in their analytical form from SigmaAldrich Ltd (USA)
via Merck KGaA Ltd (USA). The epoxy powder – PipeClad 2000 was donated by Sherwin-Williams Ltd (USA). It
has a curing time of 3 mins and 30 seconds at a temperature between 232-253°C. The polyester powder
Interpon A4742 was donated by AkzoNobel Ltd (Netherlands). It has a curing time of 13 mins at a temperature
of 180°C. The two pack liquid epoxy Intergard 410 was purchased from AkzoNobel Ltd (Netherlands). It has a
mixing ratio of base to hardener of 4:1, it was brush applied and cured at room temperature for 48 hours. The
type 45 stopping-off lacquer was purchased from MacDermid Plc (UK), it was applied by brush and cured at
room temperature for 48 hours.

2.1.2

Manufacture

The samples were manufactured at TWI’s Cambridge facility in Greater Abington, UK. A 5 mm thick plate of
S355 steel was cut into 28 sample coupons with the dimensions of 150×75×5 mm and then roughened by grit
blasting with 21# grit alumina. 14 of the samples were then thermally (arc) sprayed with 21E wire
(Zn85%Al15%) to a thickness of 100 µm.
The 16 samples (8 steel and 8 TSZA) were then sprayed with acetone containing 0.001M of either of the pH
sensitive dyes, phenolphthalein (4 steel and 4 TSZA), thymol blue (4 steel and 4 TSZA). Following this 4 steel
and 4 TSZA samples, 2 of each dye, were then electrostatically powder sprayed with epoxy powder and cured in
the oven. The remain 4 steel and 4 TSZA samples treated with dyes, 2 of each, were electrostatically sprayed
with polyester powder and cured in the oven.
The remaining 6 steel and 6 TSZA samples were used as control samples. 2 steel epoxy coated samples, 2 steel
polyester coated samples, 2 steel liquid epoxy coated samples, 2 TSZA epoxy coated samples, 2 TSZA polyester
coated samples, and 2 TSZA liquid epoxy coated samples.
A summary of all the combinations of samples (dyes and polymer coatings) and their coating thickness is given
in table 2.1 below.
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Sample offshore
ID
HL-EP-phph-01
HL-EP-phph-02
HL-EP-TB-01
HL-EP-TB-02
HL-EP-CTRL-01
HL-EP-CTRL-02
HL-PE-phph-01
HL-PE-phph-02
HL-PE-TB-01
HL-PE-TB-02
HL-PE-CTRL-01
HL-PE-CTRL-02
HL-LEP-CTRL-01
HL-LEP-CTRL-02
HL-EP-phph-03
HL-EP-phph-04
HL-EP-TB-03
HL-EP-TB-04
HL-EP-CTRL-03
HL-EP-CTRL-04
HL-PE-phph-03
HL-PE-phph-04
HL-PE-TB-03
HL-PE-TB-04
HL-PE-CTRL-03
HL-PE-CTRL-04
HL-LEP-CTRL-03
HL-LEP-CTRL-04

Substrate

TSZA (21E wire
85%Zn/15%Al) –
100 µm

S355J2+N Steel

Dye

Coating

Phenolphthalein
Phenolphthalein
Thymol Blue
Thymol Blue
N/A
N/A
Phenolphthalein
Phenolphthalein
Thymol Blue
Thymol Blue
N/A
N/A
N/A
N/A
Phenolphthalein
Phenolphthalein
Thymol Blue
Thymol Blue
N/A
N/A
Phenolphthalein
Phenolphthalein
Thymol Blue
Thymol Blue
N/A
N/A
N/A
N/A

Epoxy powder –
PipeClad 2000

Polyester Powder –
Interpon A4742

Two Pack Epoxy –
Intergard 410
Epoxy powder –
PipeClad 2000

Polyester Powder –
Interpon A4742

Two Pack Epoxy –
Intergard 410

Coating
Thickness (µm)
66
56
40
61
26
32
55
27
29
28
25
30
123
113
53
51
48
47
53
49
45
49
50
48
50
55
176
161

Table 2.1 Sample Summary for Offshore Exposure

Once the samples has finished curing and were at room temperature, 4 holes, 5mm in diameter, for mounting
the samples, were drilled in the corners of the samples. The centre of the mounting holes was 7.5 mm away
from the sample edges. Once this was complete the reverse faces and edges (including in the holes) of all the
samples were coated with two layers of type 45 stopping-off Lacquer.

2.2.1

Exposure Location

The samples were shipped to Tecnalia (Parque Tecnológico de San Sebastián - Spain) for transfer and mounting
on HarshLab 1.0, an offshore laboratory design specifically for the exposure of samples to offshore
environments (air zone, splash zone and submerged zone). “HarshLab1.0 is moored in the Biscay Marine Energy
Platform (BiMEP), an experimental sea zone with a total surface area of 5.3 sq km, situated in the Gulf of
Biscay, 1,6 nautical miles in front of the village of Armintza (Bizkaia, Spain)” [23].

2.2.2

Exposure Mounting and Orientation

As mentioned the samples were mounted on the floating laboratory HarshLab 1.0. This laboratory, simply put is
a buoy which researchers can mount test pieces and test equipment for experimental purposes, see figure 2.1.
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Figure 2.1 Image of HarshLab 1.0 [23]

For the exposure duration sample position and orientation on HarshLab need to be constant, with weather
(including swell) being the only variable that cannot be controlled for. For this research the samples were
mounted in the atmospheric zone, designated a CX environmental on the scale of corrosion causing
environmental severity of BS EN ISO 12944-2:2017 [24]. HarshLab 1.0 has 5 racks on its deck for marine
atmospheric corrosion tests to be conducted, A1-A5 as shown in figure 2.2 below [25]. Of the available positions
for marine atmospheric exposure, racks A4 and A5 were chosen as their vertical orientation is a suitable
replication of the intended use for these coating systems on offshore wind turbine tower structures. The specific
column and row for each sample on each rack is given in table 2.2 for rack A4 and table 2.3 for rack A5.

Figure 2.2 Image of HarshLab 1.0 [25]
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Row
Position

Column Position
A (1v)

B (2v)

C (3v)

D (4v)

E (5v)

1

HL-EP-phph-01

HL-EP-TB-02

HL-EP-CTRL-02

HL-PE-TB-01

HL-PE-CTRL-02

2

HL-EP-phph-02

HL-EP-CTRL-01

HL-PE-phph-01

HL-PE-TB-02

HL-LEP-CTRL-01

HL-PE-phph-02

HL-PE-CTRL-01

HL-LEP-CTRL-02

3
4
5

HL-EP-TB-01
Table 2.2 Position of Samples on Rack A4 [25]

Row
Position

Column Position
A (1v)

1

HL-EP-phph-03

2

HL-EP-phph-04

3

B (2v)

C (3v)

D (4v)

E (5v)

HL-LEP-CTRL-03
HL-EP-CTRL-03

4

HL-EP-TB-03

HL-EP-CTRL-04

5

HL-EP-TB-04

HL-PE-phph-03

HL-PE-phph-04

HL-PE-TB-04
HL-PE-CTRL-03

HL-PE-TB-03

HL-LEP-CTRL-04

HL-PE-CTRL-04

Table 2.3 Position of Samples on Rack A5 [25]

2.2.3

Exposure Duration and Inspection

It was intended that the samples would be in place on HarshLab 1.0 for their exposure period from March 2020.
The funding from MaRINET2 allowed for a 6 month exposure period. However the working difficulties cause by
the SARS-CoV-2 pandemic along with some unfavourable weather in the Bay of Biscay resulted in a significant
delay. Fortunately the experiment did not require cancellation and the samples began their exposure period on
19th May 2020 and were inspected at 4 months (visually with photographs taken) and removed from the
platform on 18th December 2020 a total of approximately 7 months [25].
It should be noted that a few of the images are out of focus, it is assumed that the photographer was not aware
of this. It is understandable that on a floating platform that a handheld camera can become out of focus due to
the motion of the floating offshore structure.
The samples results are photographs of the samples, very similar to how an onshore engineering team would
receive the inspection report of their offshore asset they were conducting the integrity management for.
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2.3.1

Epoxy Powders with Phenolphthalein Treated Substrates

HL-EP-phph-01
Before Exposure

4 month of exposure

After Exposure (7 months)

Before Exposure

4 month of exposure

After Exposure (7 months)

HL-EP-phph-02
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HL-EP-phph-03
Before Exposure

4 month of exposure

After Exposure (7 months)

Before Exposure

4 month of exposure

After Exposure (7 months)

HL-EP-phph-04
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2.3.2

Epoxy Powders with Thymol Blue Treated Substrates

HL-EP-TB-01
Before Exposure

4 month of exposure

After Exposure (7 months)

Before Exposure

4 month of exposure

After Exposure (7 months)

HL-EP-TB-02
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HL-EP-TB-03
Before Exposure

4 month of exposure

After Exposure (7 months)

Before Exposure

4 month of exposure

After Exposure (7 months)

HL-EP-TB-04
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2.3.3

Epoxy Powders Control Samples

HL-EP-CTRL-01
Before Exposure

4 month of exposure

After Exposure (7 months)

Before Exposure

4 month of exposure

After Exposure (7 months)

HL-EP-CTRL-02
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2.3.4

Polyester Powder with Phenolphthalein Treated Substrates

HL-PE-phph-01
Before Exposure

4 month of exposure

After Exposure (7 months)

Before Exposure

4 month of exposure

After Exposure (7 months)

HL-PE-phph-02
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2.3.5

Polyester Powder with Thymol Blue Treated Substrates

HL-PE-TB-01
Before Exposure

4 month of exposure

After Exposure (7 months)

Before Exposure

4 month of exposure

After Exposure (7 months)

HL-PE-TB-02
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2.3.6

Polyester Powder Control Samples

HL-PE-CTRL-01
Before Exposure

4 month of exposure

After Exposure (7 months)

Before Exposure

4 month of exposure

After Exposure (7 months)

HL-PE-CTRL-02
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2.3.7

Liquid Epoxy Control Samples

HL-LEP-CTRL-01
Before Exposure

4 month of exposure

After Exposure (7 months)

Before Exposure

4 month of exposure

After Exposure (7 months)

HL-LEP-CTRL-02
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HL-LEP-CTRL-03
Before Exposure

4 month of exposure

After Exposure (7 months)

Before Exposure

4 month of exposure

After Exposure (7 months)

HL-LEP-CTRL-04
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2.4.1

Corrosion Sensing Performance Analysis

The evaluation of corrosion sensing performance was carried out by visual assessment to confirm if the samples
dye had changed colour designating a local increase in pH as a result of the corrosion reaction. The control
samples, which did not contain any dyes, did not show any colour change on the appearance of corrosion.
Where any sample images are out of focus, the analysis has been carried out as best it can for what was
provided by Tecnalia, for future crews inspecting samples on HarshLab should check and be aware that
photographs can become out of focus and should endeavour to collect data that can be used.

TSZA Coated Steel Substrate Samples with Epoxy Powder
After 4 months of exposure the TSZA substrate samples coated with phenolphthalein and then epoxy powder
(PipeClad 2000), samples HL-EP-phph-01 & HL-EP-phph-02 did not demonstrate any corrosion sensing
performance. And after 7 months both samples still had not demonstrated corrosion sensing.
The TSZA substrate samples coated in thymol blue and epoxy powder (PipeClad 2000), samples HL-EP-TB-01 &
HL-EP-TB-02, demonstrated no corrosion sensing behaviour throughout the whole 7 month exposure period.

TSZA Coated Steel Substrate Samples with Polyester Powder
The polyester powder (Interpon A4742) coated samples on TSZA with the phenolphthalein dye, HL-PE-phph-01
& HL-PE-phph-02, demonstrated no corrosion sensing performance when inspected at month 4 and month 7 of
the exposure period.
Samples HL-PE-TB-01 and HL-PE-TB-02, which were the TSZA samples coated in thymol blue and then polyester
powder (Interpon A4742), after the 4th month of exposure, and then by 7th month of exposure, showed no
sensing performance.
The lack of corrosion sensing presenting, when it has been observed in the laboratory, from the coating systems
on TSZA may be because insufficient sample had corroded sufficient to product an [OH-] concentration to cause
a colour change in the dyes. The zinc aluminium alloy coating is designed to reduce the corrosion rate, via the
formation of a passive film, this combined with epoxy powder coating could be sufficient to reduce the anodic
reactions (dissolution of metal) and therefore reduce the cathodic reaction producing [OH-]. It should be noted
here that the thymol blue undergoes its colour change at a lower OH- concentration than phenolphthalein and
would therefore require less corrosion to occur [19-21 & 26] but still did not observe a colour change. Perhaps a
longer exposure period could see more of the substrate corrode, yielding more hydroxide ions and resulting in a
dye colour change and therefore sense corrosion. An alternative interpretation of these result could come in the
form of the relative solubility’s of the potential metal hydroxide complexes formed from corrosion. If the
solubility’s of the metal hydroxide complexes was poor, it may result in a reduction in pH preventing the colour
change of the dye and therefore preventing the corrosion sensing. Zinc and aluminium hydroxide are
amphoteric, meaning they can react with both acids and alkalis and in this case dissolve in both, therefore a pH
reduction would not occur at the cathodic sites, on the contrary a pH increase should be observed relative to the
rate of corrosion [8-18].

Steel Substrate Samples with Epoxy Powder
The steel substrate samples coated with phph and epoxy powder, HL-EP-phph-03 & HL-EP-phph-04, sensed
corrosion via an observable pink colour by the 4th month. Extracts of this can be seen in figure 2.3 below.
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Figure 2.3 Corrosion sensing demonstrations of Samples HL-EP-phph-03 (left) & HL-EP-phph-04 (middle & right) at month 4.

However the quality of images received from Tecnalia for the inspection of the samples in month 7 were
insufficient to ascertain if the corrosion sensing continued or improved (available in the results section). This is
in part, affected by the lack of significant contrast of the dye colour change (pink) and pigmentation of the
epoxy powder (green). In the colour spectrum, the positions of green are pink are opposite one another as per
figure 2.4. This indicates that there will be significant absorption of the dye colour by coating pigmentation, and
results in a greying effect on the locations of dye activation therefore reducing the effectiveness of the corrosion
sensing coating. Another consideration here should be the similarity in colour of the corrosion product and dye
colour change, red/brown and pink respectively, this may results in a difficulty in discerning whether the sample
is signalling corrosion or is corrosion. Under normal circumstances this may mean the same thing, ultimately,
however if the full structure is not inspectable, corrosion signalling maybe required to indicate the corrosion of in
accessible areas. This however will require further research.

Figure 2.4 Visual Spectrum Colour Wheel

Thymol blue over coated with epoxy powder on a steel substrate, samples HL-EP-TB-03 & HL-EP-TB-04,
resulted in corrosion sensing by month 4 and this could still be seen in to month 7, as shown in figure 2.6. It
should be noted that the image quality, like with the phenolphthalein samples, was poor for month 7. While this
does make it difficult to observe the blue colour of thymol blue (exposed to OH -) it is still observable.
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Figure 2.5 Corrosion Sensing on HL-EP-TB-03 (top left 4 months and top right 7 months) and HL-EP-TB-04 (bottom left 4
months and bottom right 7 months).

Steel Substrates Coated with Polyester Powder
The steel samples coated with phenolphthalein and polyester (samples HL-PE-phph-03 and HL-PE-phph-04) saw
significant corrosion which the coating sensed during the 4th month of inspection, however by 7th month
inspection the samples were so corroded that the coatings had completely fallen off, see results section for
images of completely corroded samples at month 7. Images of corrosion sensing observed at the month 4
inspection are shown in figure 2.6 below. While it is a positive outcome to see the coating sense corrosion, it
appears this has come at the cost of the corrosion protection, which will be discussed in the next subsection.

Figure 2.6 Corrosion Sensing after 4 months of exposure on HL-PE-phph-03 (top row) and HL-PE-phph-04 (bottom row).

The corrosion sensing performance of thymol blue on steel beneath a polyester powder coating was clear,
however like with phenolphthalein, the samples had significantly corroded by month 4 and the coating had
complete disbonded due to corrosion by month 7. Images of corrosion sensing behaviour, at month 4, for
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samples HL-PE-TB-03 and HL-PE-TB-04 are given in figure 2.7 for the nearly completely corroded samples see
the results section.

Figure 2.7 Corrosion Sensing after 4 months of exposure on HL-PE-TB-03 (left) and HL-PE-TB-04 (right).

It should be noted here that the polyester powder coating Interpon A4742 is not designed for offshore usage.
Generally polyester coatings are used in less severe environments e.g. coatings for alloy wheels. The inspection
intervals for this test should also be considered, it was intended that over the six (turned 7) months of exposure
that the samples would be inspected more than once, this may have allowed the investigation to show the
corrosion sensing develop over the course of the exposure period.

2.4.2

Corrosion Protection Performance Analysis

To evaluate the corrosion performance of the coating systems the test pieces were assessed utilising the
engineering standard BS EN ISO 4628-3:2016 Paints & Varnishes – Evaluation of degradation of coatings –
Designation of quantity and size of defects and of intensity of uniform changes in appearance – Part 3:
Assessment of degree of rusting [27]. The procedure to do this is a simple process of viewing the exposed
sample face and visually (not optically) assessing the degree of rusting against the pictographic examples given
in the standard and estimating the area to which the rust has appeared. The ISO degree of rusting scale is
translatable to European rust scale and ASTM rust scale. It should be noted that this standard does not include
what is called invisible rust. It should be noted that, observing rust on a steel substrate is significantly easier
than observing corrosion of a TSZA substrate. However Table 2.4 gives the results of this analysis.
The analysis reported in in table 2.4 demonstrates, that the TSZA samples have a low corrosion rate, however
this analysis is only visual and looking for rust i.e. iron containing corrosion products. Rust is generally easily
distinguishable from a steel substrate, however the corrosion products from TSZA (beneath a polymer coating)
are much more difficult to distinguish. Therefore this analysis, as the standard implies, focuses on the iron
based corrosion. Therefore, in terms of TSZA, yields a results demonstrating that the coating systems function
quite well in terms of corrosion protection, however given that the steel samples corroded heavily (epoxy
samples to a lesser extent than the polyester samples) it is clear to all that this interpretation cannot be correct
and takes advantage of the TSZA rather than assessing the polymer coating. Therefore another corrosion
protection analysis technique is required to interpret the corrosion protectiveness of these coating combinations
on TSZA. Electrochemical Impedance Spectroscopy would be suitable candidate technique to do this.
As mentioned the steel samples all corroded significantly. The epoxy powder samples corroded to a lesser
extent, by the end of a 7 month exposure both the phph and TB samples had mostly 25% of their area with Ri 4
rust. The control samples for the epoxy powder had a slightly larger corroded area, an area between 25% and
33.3%, also at Ri 4. Given that the control and dye containing samples all had approximately the same film
thickness (~50µm), and given the dye containing samples did not report a reduced corrosion protection
performance we can conclude that the dyes in combination with epoxy powder, PipeClad 2000, does not result
in a reduction in corrosion protection. Further investigation with thicker polymer coatings along with the usage
of other evaluative techniques would be useful to fully illuminate the corrosion protectiveness of the epoxy
powder in combination with pH sensitive dyes as a corrosion sensing coating system. EIS and salt spray
exposure with this analysis may be suitable.

Page 30 of 36

Marinet2 – Environmental Testing of Corrosion Sensing Coatings - Offshore Marine: CX

In comparison to the liquid epoxy paints (LEP) the powder epoxy coatings performed significantly less well. This
is probably due to the significantly higher dry film thickness of the liquid epoxy (Intergard 410). At 176 and 161
µm respectively the LEP samples have a thickness 3 times as thick the epoxy powders, and as a result over the
7 month exposure period show a very low propensity to rusting that can be observed via inspection. These
results do not show any results for corrosion that could be occurring at the paint substrate interface, the paint is
not a corrosion sensing system (it is incompatible with pH sensitive dyes) and is heavily pigmented (white). Any
corrosion of the underlying substrate will only be noticeable when a blister forms requiring a significant defect to
have occurred.
The polyester samples, as mentioned previously provided the least amount of corrosion protection, and unlike
the epoxy powder all samples including the control samples corroded heavily and nearly all completely
disbonded with the exception of one of the phenolphthalein samples. Here it should be noted that this polymer
system, polyester powder, is not designed to be used in this severity of environment (CX) nor was it selected for
its corrosion protection properties. However it is still informative to have viewed its condition after this length of
exposure, ideally these samples would have been inspected more frequently to observe their corrosion progress
with more data points. This however was not the case due to the ongoing pandemic.
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Sample offshore
ID
HL-EP-phph-01
HL-EP-phph-02
HL-EP-TB-01
HL-EP-TB-02
HL-EP-CTRL-01
HL-EP-CTRL-02
HL-PE-phph-01
HL-PE-phph-02
HL-PE-TB-01
HL-PE-TB-02
HL-PE-CTRL-01
HL-PE-CTRL-02
HL-LEP-CTRL-01
HL-LEP-CTRL-02
HL-EP-phph-03
HL-EP-phph-04
HL-EP-TB-03
HL-EP-TB-04
HL-EP-CTRL-03
HL-EP-CTRL-04
HL-PE-phph-03
HL-PE-phph-04
HL-PE-TB-03
HL-PE-TB-04
HL-PE-CTRL-03
HL-PE-CTRL-04
HL-LEP-CTRL-03
HL-LEP-CTRL-04

Sample Details
Dye

Substrate

TSZA

Steel – S355

Phenolphthalein
Phenolphthalein
Thymol Blue
Thymol Blue
N/A
N/A
Phenolphthalein
Phenolphthalein
Thymol Blue
Thymol Blue
N/A
N/A
N/A
N/A
Phenolphthalein
Phenolphthalein
Thymol Blue
Thymol Blue
N/A
N/A
Phenolphthalein
Phenolphthalein
Thymol Blue
Thymol Blue
N/A
N/A
N/A
N/A

Coating
Epoxy Powder –
PipeClad 2000

Polyester Powder –
Interpon A4742

Liquid Epoxy –
Intergard 410
Epoxy Powder –
PipeClad 2000

Polyester Powder –
Interpon A4742

Liquid Epoxy –
Intergard 410

Degree of Rusting (% area of sample)
4 Months Exposure
7 Months Exposure
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri

0
0
1
0
1
1
1
0
1
0
0
0
0
1
3
3
2
3
3
2
5
4
5
5
4
4
1
1

(0%)
(0%)
(<1%)
(0%)
(~1%)
(~2%)
(~2%)
(0%)
(~2%)
(0%)
(0%)
(0%)
(0%)
(~1%)
(~10%)
(~10%)
(~5%)
(~10%)
(~15%)
(~5%)
(~50%)
(~33.3%)
(~25%)
(~33.3%)
(~60%)
(~60%)
(~1%)
(~2%)

Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri
Ri

0
0
1
1
1
1
1
0
1
0
0
0
0
1
4
4
3
4
4
4
5
5
5
5
5
5
1
1

(0%)
(0%)
(<1%)
(~1%)
(~1%)
(~2%)
(~2%)
(0%)
(~2%)
(0%)
(0%)
(0%)
(0%)
(~1%)
(~25%)
(~25%)
(~15%)
(~25%)
(~33.3%)
(~25%)
(100%)
(~75%)
(~97%)
(~95%)
(~99%)
(90%)
(~1%)
(~5%)

Table 2.4 Assessment of the degree of rusting of exposed samples
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2.4.3

Conclusions

 In terms of evaluating the corrosion sensing properties of the coating & dye
combinations no corrosion sensing occurred on the TSZA samples with either dye or
powder coating system, this is most likely due to a reduced corrosion rate of the TSZA
and therefore a reduce rate in the production of OH- required to activate the dyes.
Further investigation over a longer exposure period is required to conclude if the systems
are suitable to detect corrosion on this type of substrate.
 The coating systems on steel samples demonstrated corrosion sensing over the exposure
period that was relatively easy to observe.
o The epoxy & phph samples while demonstrating corrosion sensing properties also
presented some engineering issues. Such as the epoxy pigmentation and dye
colour change being insufficiently contrasting and dye colour change itself being
inadequately contrasting to corrosion products. Further investigations with a high
concentration of dye may help to alleviate this.
o The thymol blue however did demonstrate strong corrosion sensing behaviour,
despite the poor image quality for month 7 inspections.
o The polyester coatings on steel with either dye demonstrated strong corrosion
sensing behaviour, being noticeable throughout the samples, however
demonstrated the weakest corrosion protection behaviour due to the severity of
the environmental testing.
 Further investigation with higher dry film thickness for the corrosion sensing systems
with more frequent inspections is advisable.

3 Main Learning Outcomes
3.1 Progress Made
The plan for this access endeavoured to investigate a series of metallic samples (steel or TSZA
substrates) coated with one of two pH sensitive dyes (phenolphthalein or thymol blue) over
coated with one of two polymer powder coatings (polyester or epoxy). The plan for this access
was to observe:
1. Evidence of Device Seaworthiness
2. To qualify environmental factors (i.e. the device on the environment and vice
versa) e.g. marine growth, corrosion, windage and current drag.
As shown in the results section and discussed in the analysis section, corrosion sensing actions
of the coating combinations have been shown. This in combination with observations on the
corrosion performance of the coatings demonstrates the device seaworthiness and assisted in
qualifying the environmental factors of the systems. Thymol blue polyester gave the clearest
corrosion sensing performance, however showed the poorest corrosion resistance. The
phenolphthalein epoxy coating showed the weakest corrosion sensing behaviour. All epoxy’s
showed stronger corrosion protection performance when compared to polyester. The exposure
period was too short for demonstrating corrosion sensing behaviour on TSZA substrates. These
are all positive outcomes for the research and advancing the base of knowledge on the sensing
performance and corrosion performance of these coatings in combination with pH sensitive dyes
in real environments, which is a novel area of research.
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3.1.1 Progress Made: For This User-Group or Technology
The progress made for the technology is twofold. Firstly the research has demonstrated the
basic functionality of this coating methodology in terms of actually corrosion sensing behaviour
on two common offshore substrates. The second being illumination on the relative corrosion
protection performance in comparison to the coatings without pH sensitive dyes and to a liquid
epoxy coating (system more commonly used on offshore constructions.

3.1.1.1

Next Steps for Research or Staged Development Plan – Exit/Change & Retest/Proceed?

This research is part of a PhD student’s thesis (who is in his final year), therefore it is unclear
what the immediate next steps are other than including the investigation in the thesis. Therefore
an exit for the research is likely, however publications will hopefully be made, and future
researchers can continue it if they believe it could shows promising results.

3.1.2 Progress Made: For Marine Renewable Energy Industry
This research is probably too early for it to have a significant impact on the Marine Renewables
Energy Industry, however further research in to the suitability of these coating system may.

3.2 Key Lessons Learned
Due to the SARs COVID 2 pandemic any specific Lessons Learned for this research may not
represent future projects, however:
1. Visit the research venue – this would have helped greatly in understanding the position
and exposure of the samples. In addition, in person meetings are ideal in enhancing
researcher and venue staffs understanding of each other and the project plan.
2. Frequent inspection – originally it was planned for monthly inspection however the
pandemic reduced this frequency to one visit over the whole exposure period. Frequent
inspection, for the purposes of investigating corrosion sensing coatings is essential.
3. Sample photography – some of the photographs taken by the venue staff were out of
focus. It is understandable that this is difficult on a floating platform, however these are
the results of the experiment as it is a destructive test. Venue staff should ensure sample
pictures are taken to the highest of possible quality and fully in focus.
4. Sample preparation – samples should be prepared to a high level of consistency in order
to manage whatever variable or variables that are being tested.
5. Sample masking – samples that are being tested in corrosive environments should be
masked so the corrosion is only occurring on the desired surface. Masking should be
multilayer to prevent unwanted area corroding.

4 Further Information
4.1 Scientific Publications
List of any scientific publications made (already or planned) as a result of this work:



Planned - A Polyester Powder Corrosion Sensing Coating (Progress in Organic Coatings)
Planned - An Epoxy Powder Corrosion Sensing Coating (Progress in Organic Coatings)
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4.2 Website & Social Media
Website: N/A
YouTube Link(s): N/A
LinkedIn/Twitter/Facebook Links: N/A
Online Photographs Link: N/A
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