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Abstract: A widely used coating system for corrosion mitigation of offshore steel structures is
thermally sprayed aluminium (TSA). Even though these coatings have been used for decades, it
is not always clear how they perform in service over long periods, particularly if damaged during
installation or in service. To understand the corrosion behaviour of damaged TSA coatings in
seawater and their tolerance to levels of damage, TSA coatings (1050 Al) were prepared on carbon
steel substrates using wire arc spray and tested in synthetic seawater. Prior to testing, various levels
of holidays or damage (~5%, 10%, 15% and 18%) reaching the steel substrate were drilled on the
front surface of the coated specimens. Open circuit potential was measured and linear polarization
resistance technique was used to calculate the corrosion rate. The work showed that the TSA coatings
polarised steel to potentials below —800 mV (Ag/AgCl) at 25 °C, even in the presence of damage or
holiday (up to ~18%). The SEM/EDX and XRD data confirmed the presence of brucite and aragonite
in the damage region. The presence of damage impacted the short-term corrosion rate at the start,
but did not significantly affect the overall corrosion performance of the TSA coatings in 420 days
of testing.

Keywords: TSA; coatings; corrosion; offshore; marine corrosion; damage tolerance; coating damage

1. Introduction

Clean energy sources, such as offshore wind, are key to decarbonise energy produc-
tion [1]. The material of choice for construction of offshore structures is carbon steel due
to its low cost, high strength, machinability and weldability. However, this material is
prone to corrosion and associated degradation in offshore environments, hence the need to
employ corrosion mitigation methods [2,3]. These corrosion mitigation methods include
coatings and/or cathodic protection. Thermally sprayed aluminium (TSA) is a widely used
metallic coating system that acts as a barrier when sufficiently thick and offers cathodic
protection to immersed offshore steel structures [4].

Several long-term coastal studies beginning in the 1940s, and offshore oil and gas
exploration sector experience since the mid-1980s, indicate that TSA provides excellent
long-term mitigation of splash and tidal zone corrosion [5-7]. As a result, at least one
operator has reduced the splash zone corrosion allowance offshore by 3 mm on a number
of its projects since 1999 [8]. Outside the oil and gas sector, several offshore wind turbine
operators currently specify a coating that includes a first layer of thermally sprayed Zn-
15Al (85%Zn-15%Al) for the topside, which is well above the splash zone in the marine
atmosphere. Although commercially pure aluminium is a coating considered by the oil
and gas sector, one long-term study incorporating tidal, splash and submerged test panels
reports that Zn-15Al behaves equally well [7,9].

To date, long-term assessment of TSA coating performance has been in the form of
visual examination, reporting evidence of corrosion products (such as rust formation in
steel, aluminium oxide/hydroxide on TSA), blistering and dis-bondment, but there are
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limited data indicating that submerged TSA coatings freely corrode at 2-3 um per annum
in the North Sea [10]. There is also evidence that, when applied correctly, sealants can
significantly extend the life of TSA coatings, but the occasional reported failure of sealed
coatings implies that further optimisation of this aspect is required [11,12].

The vast majority of TSA coatings are deposited by twin wire arc spraying or wire
flame spraying, and their relative merits in terms of coating quality (primarily defined
as porosity, oxide content and adhesive strength), process deposition rate and deposit
efficiency are well-documented and can be related to coating behaviour [13,14].

It has been predicted that an optimised 200 um thick TSA coating could provide
a service life exceeding 30 years in a splash zone [6]. The work suggested optimizing
some key factors such as coating composition, surface preparation, coating application,
service application, choice and application of sealer, galvanic exposure condition and
environmental impacts. This was based on service experience of TSA applied to Hutton
risers and other performance experiences discussed previously. The choice of coating alloy
for splash zone or continuously submerged service was noted to be either Al (99.5%) or
Al-5Mg. The use of Al-Zn alloys, such as Zn-15Al and Zn-30Al, is likely to increase the
cathodic polarizability while decreasing coating lifetime due to the higher dissolution rate
of Zn-alloys in seawater [15]. To achieve a good performance coating system, stringent
control of surface preparation and application are required [16]. SINTEF reported corrosion
rates of 2-3 um/y after 11 months of exposure in natural seawater in Norway for both
99.5% Al and Al-5Mg. One might argue that this equates to a service life >60 years for a
200 um TSA coating [6]. In humid industrial or marine atmospheres, corrosion rates of up
to 15 pm/y have been reported for thermally sprayed Zn coatings. Hence, in very corrosive
environments an unsealed 150 pum thick Zn coating may corrode away in 10 years [17,18].

There are other reports that offer performance data of TSA in different applications.
Wolfson [19] reported the successful performance of an arc sprayed TSA coating in a saline-
mud environment typical of the deep Gulf of Mexico. The report was based on 4 and
12-month exposure tests conducted in natural Gulf of Mexico seawater (15 °C) and mud
(7.7 °C), and included TSA coating performance data in terms of its ability to provide
adequate cathodic protection for various amounts of exposed steel. The author concluded
the life expectancy of aluminium-silicone sealed TSA coatings of 0.01 inch (254 pm) nominal
thickness with up to 5% coating holiday area to be typically greater than 25 years in such
saline and mud environments.

Avery [20] conducted a performance review on the application of a TSA coating (99.5%
aluminium) on production risers in a subsea environment. The internal temperature of the
riser was reported to be about 80-90 °C with a surrounding seawater temperature of about
4-10 °C. The author reported that a 200 um TSA coating sealed with aluminium-silicone is
capable of providing corrosion protection in seawater in excess of 20 years.

Although TSA has been used in the offshore sector for decades, it is not always
evident how it performs over the long periods required today by the offshore wind sector,
particularly in the presence of damage that might occur during installation or in service.
Literature data suggest that the focus thus far has been on the performance evaluation
of TSA coatings under seawater immersion service. However, published work on TSA
with damage has been limited to exploring the effect of single, small-scale damage on the
corrosion performance [21]. The damage has been restricted in these studies largely to ~5%
of coating area. Damage in service is not limited to 5% and the nature of damage during
transport, installation or service is not restricted to a single holiday. Detailed experimental
study on the effect of multiple damage/holiday or large-scale damage, such as 18-20%
exposed area, has not been carried out. Furthermore, the vast majority of published
information on coatings with damage only refer to short-term tests [22]. Thus, long-term
performance data on damaged TSA would benefit the offshore energy community. As
previously mentioned, the limited studies with damage in TSA restricted the damage to
5%. In limited cases where a larger damage area was used [23], detailed systematic study
was not carried out to fully explore the corrosion or protection mechanism.
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Detailed study on the corrosion mechanism of thermal spray coatings, including the
use of organic sealants, have been reported [24]. Some work on the corrosion mechanism
in the cathodic region of exposed steel provided useful information for situations with one
‘damage’ area of 5% [25]. The corrosion products on the TSA and the defect area vary and
can provide valuable information on the corrosion mechanism [26]. Laboratory and field
trials have provided useful information on the products of the corrosion process [27-32].
However, as indicated earlier these reports only provide information on coatings that fully
cover the steel, or in the case of intentional ‘damage’, only provide data with one single
area of exposed steel.

Even the modelling work on TSA with damage has focused on simple ‘single” damage
area [33]. The lack of detailed work on the effect of damage was also highlighted in the
review on TSA by Syrek-Gerstenkorn et al. [4]. Thus, understanding the mechanisms
that govern long-term performance of TSA, especially when damaged, is important. The
corrosion mechanism leading to loss coating is a key aspect. However, deposits formed on
exposed steel may also play a significant role and impact the corrosion rate. These deposits
formed on the damage areas need to be evaluated in terms of phases, microstructure and
pore architecture to appreciate their impact on the corrosion process.

The work presented in this paper addresses some of the knowledge gaps presented
above. The aim of this work is to study the corrosion behaviour of damaged thermally
sprayed aluminium (TSA) coatings in synthetic seawater and understand the impact of
increasing levels of damage on performance. The words ‘damage” or ‘holiday” have been
used in this paper to mean areas where the TSA has been removed to expose steel substrate.

2. Materials and Methods
2.1. Materials

The substrate used in this work was 6 mm thick C-Mn steel plate conforming to
BS EN10025-2 grade S355]2+N(2004). This was cut into ~43 mm x 40 mm coupons for
electrochemical monitoring during exposure. The coating material used for this work was
2.3 mm diameter commercially ‘pure” aluminium (99.5% Al) wire conforming to aluminium
grade 1050/1350. These grades are acceptable according to NORSOK M501 [34] and ISO
14919 [35]. The nominal compositions of the substrate and wire consumable are given in
Table 1.

Table 1. Composition of substrate and wire consumable.

Element wt%

Material
C Si Mn P Al S \% N Fe
Carbon steel substrate 0.12 0.39 1.39 0.014 - 0.019 0.065 0.003 Bal.
Al (wire consumable) - 0.07 <0.01 - Bal. - - 0.01 0.21

2.2. Specimen Preparation and Coating Production

The edges of the substrates were rounded off prior to further preparation. Prior to
coating, the substrates were degreased and then prepared by blasting (at 80 psi) with NK36
alumina abrasive blasting grit to give the desired rough surface. The steel substrates were
prepared to Sa3 in accordance with ISO 8501-1 (Blast-cleaning to visually clean steel, [36]).

Coatings were produced using a Metallisation ARC140 (Metallisation Limited, Dudley,
UK) twin wire arc spraying (TWAS) system. The spray gun was mounted on a pro-
grammable 6-axis thermal spray robot.

Coatings produced by TWAS were applied in accordance with the equipment manu-
facturer’s recommended spray parameters (i.e., current, arc voltage, stand-off distance) to
attain a nominal coating thickness of 0.3 mm. A summary of the spraying parameters used
is provided in Table 2.
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Table 2. Spray parameters used for the production of TWAS coatings.

Wire Air Stand-off Traverse
. . Incremental Current Voltage
Diameter Pressure Distance Step (mm) Speed (A) V)
(mm) (bar) (mm) P (mm s—1)
2.3 5 125 10 300 220 30

2.3. Corrosion Testing
2.3.1. Sample Preparation

The TSA-coated specimens were air blasted to clean the surface. Holidays (damage)
amounting to ~5%, 10%, 15% and 18% of the coating surface area were drilled into the
coated surface of the specimens to expose the underlying steel substrate (Figure 1).
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Figure 1. Photographs of specimens before testing showing holiday (damage) size and distribution.
The number of holidays/total damage area % was: (a) 12/13.7%, (b) 4/4.6%, (c) 8/9.1%, (d) 6/9.9%,
(e)5/14.6%, (£f) 1/4.6%, (g) 2/9.1%, (h) 4/18.3%, (i) 1/8.9%, (j) 1/14.8% and (k) 1/18.3%. Nominal
diameter of each damage is also shown. The information is also provided in Table 3.
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Table 3. Summary of the specimens used for testing along with the area of damage.

Specimen ID Number of Holidays D;;::II:C::; (:Ifn]:)c h g;ﬁfgze?o/:))f
A 12 49 +0.1 13.7 £ 0.5
B 4 49 +0.1 46+02
C 8 49 +0.1 91+04
D 6 59+0.1 99 +0.3
E 5 8.1+0.1 146 +04
F 1 99 +0.1 46 +0.1
G 2 99 +0.1 91+£0.2
H 4 99 +0.1 183+ 04
1 1 140+ 0.1 89 +0.1
] 1 18.1 £0.1 14.8 £ 0.2
K 1 199 +0.1 183 +0.2

Lacquer was applied to the back and sides of the specimens to define the test area and
to stop unwanted galvanic corrosion of the TSA coating with the surfaces not TSA-coated.
A summary of the specimens used for testing is presented in Table 3.

2.3.2. Electrochemical Monitoring

A Gill ACM potentiostat (ACM Instruments, Manchester, UK) was used to monitor
the potential of the specimens at open circuit potential (OCP). Linear polarisation resistance
(LPR) technique was used to measure the polarisation resistance and calculate the corrosion
rate. The corrosion rate was calculated from LPR data by using the Stern and Geary [37]
approach (later modified by Stern in 1958, [38]).

Electrical connections for electrochemical monitoring were made on the side of the
specimens. A Pt/Ti counter electrode was placed in front of the specimens. In all cases,
Ag/AgCl (saturated KCl) reference electrodes were used; the potential values reported in
this paper are with respect to this reference unless otherwise stated.

Once the specimens were placed in a reactor tank, the reactor was filled with ASTM
D1141 synthetic seawater without the heavy metals [39]. The seawater tank was heated
to 25 °C and electrochemical monitoring was carried out. To ensure uniform temperature
inside the tank, the seawater was circulated slowly using a pump.

2.4. Characterisation

The specimens were photographed after testing (Figure 2). In some cases, the speci-
mens were sectioned and cold-mounted for microstructural analysis using a light micro-
scope, and SEM with EDX. For SEM examination, the specimens were sputter coated with
Au. To find the phases present, X-ray diffraction (XRD) studies were carried out on some
specimens, especially those with copious deposits. Detailed study of the deposits in the
holiday (damage) was also carried out in selected cases.

(a) (b) (©)

Figure 2. Cont.
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Figure 2. Photographs of specimens after testing for 420 days in ASTM D1141 seawater. The number
of holidays/total damage area % was: (a) 12/13.7%, (b) 4/4.6%, (c) 8/9.1%, (d) 6/9.9%, (e) 5/14.6%,
(f) 1/4.6%, (g) 2/9.1%, (h) 4/18.3%, (i) 1/8.9%, (j) 1/14.8% and (k) 1/18.3%. The specimens are
43 mm x 40 mm.

3. Results
3.1. Open Circuit Potential (OCP)

The TSA coating polarised the specimens below the potential of carbon steel. In the
case of specimens with one holiday (the total damaged area varied), the potentials (or
OCP) reached values close to —900 mV not too long after immersion (within a few hours),
Figure 3a. The inset shows the variation in the potential as a function of damage area.
It would appear that the specimen with the least area of damage (4.6%) shows the most
negative potential. These data, however, represent the initial transients; soon the potentials
approach more stable values between —940 to —960 mV. The specimen with the smallest
damage area remained more active (with a more negative potential) than the rest in the
initial stages, but as time progressed its activity declined further and the potentials became
very similar.



Appl. Sci. 2023,13,1109

7 of 15

=700

-800

-1000

Potential, mV (Ag/AgCl)

-1100

-1200

=700

T T T T T T T T

One 14mm defect (8.9% area)

0

© O One 10mm defect (4.6% area)
O Two 10mm defect (9.1% area) O One 14mm defect (8.9% area)
& Six 6mm defect (9.9% area) A One 18mm defect (14.8% area) 1
L vV Eight 5mm defect (9.1% area) - -800 v One 20mm defect (18.3% area) -
heater failure v heater failure
' o ov Py
S J
A nR A8 > v a
=500 0, 5 go g 8 80 ] s [ 06 953@ ]
o VoGy Y 805969 L ¥ § ) 1
v95P0 0050 oRoBE gAgA /v, N a¥ERoatPeden oo, ]
8,005 830 m0at A", i 2 7§ grmySEssgosste g ORge o000 o
- ———— = —
= @© o 7
= k] o -900
) 2 E € | -1000 ) ot T R y:
< § 9@ s 3 F g oA GWVeVYVVEY
> v v c 2 [ 92 oatv"” o]
< o8 S 000 B g w0
} L _ r VougyV VA
2 -1000 VSED € b Ogegzggﬂ o
— © [ 1 4
L g e Dﬂuﬁggﬁ g -1100 £ o0 | ©000000009° ]
o @%E b C 1 L L]
o e T
0 2 4 0 2 4 6
) ) ) ) Tirlne (dayls) ) ) ) ) ) Timle (days} ) )
-1200
50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Time (days) Time (days)
(a) (b)

Figure 3. Measured open circuit potential (OCP) of TSA specimens showing the effect of damage size
(a), and distribution (b). The measurements were carried out in synthetic seawater (ASTM D1141) at

25°C.

When similar experiments were carried out on specimens with different damage num-
bers (with approximately the same total damage area), the results were similar (Figure 3b).
The specimens were polarised to values more negative than the protective potential of steel
(—800 mV). The potential (OCP) of the specimens initially became more negative within
the first few hours of testing. The inset shows that the values are close to —1060 mV within
2 days of exposure (Figure 3b). These values become less negative with time and reach more
stable values between —940 to —960 mV. The potential reached values of approximately

—920 mV after 420 days of exposure.

3.2. Corrosion Rate

The corrosion rates for TSA specimens with one damage (damage area 4.6-18.3%) showed
scatter in the early stages of immersion with values in the range of 0.05-0.15 mm/year in
the initial stages (Figure 4a). However, the scatter lessened with time of exposure and the
corrosion rate decreased reaching values <0.02 mm/year after a month. The scatter in the
data was reduced significantly after a few months of exposure and the specimens reached
calculated corrosion rates <0.005 mm /year after testing for 250 days. The corrosion rate
values obtained in the first few days clearly indicate that the damage area has some effect,
primarily due to the dependence of the corrosion kinetics on the relative areas of anode and
cathode. Unsurprisingly, the specimen with larger damage area (18.3%) shows a higher
corrosion rate of aluminium compared to the specimen with smaller damage area (4.6%).

The calculated corrosion rate for specimens with different number and size of damage
(with same estimated total area ~9-10%) showed similar trends (Figure 4b). The disparity
in the calculated corrosion rate was not as substantial as with the specimens with different
damage areas. However, the calculated corrosion rates were not too different and the
values reduce to <0.01 mm/y within 3 months of testing. The corrosion processes sta-
bilised with time and this was reflected in decreased corrosion rates. The values reached
~0.005 mm/year after 250 days of testing (Figure 4b). The initial reduction in the corrosion
rate at the start was expected to be due to the presence of a passive air-formed oxide film.
This film subsequently dissolves in Cl- solution, thus increasing the corrosion rate. A
further reduction in corrosion rate occurred when aluminium oxide/hydroxide forms on

the TSA coating and calcareous deposits predominantly form on the damage area.
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Figure 4. Calculated corrosion rate of TSA specimens showing the effect of damage size (a), and
distribution (b). The measurements were carried out in synthetic seawater (ASTM D1141) at 25 °C.

The change in the trend observed at a couple of time points was due to failure in the
heater. However, the laboratory where the test was carried out was at 21 °C. The change in
the corrosion rate to values below 0.01 mm/y after a few months and below 0.005 mm/y
after a year of exposure shows that the thermally sprayed coating was being consumed at a
very low rate after the initial period, and the reduction of the corrosion rate was probably
due to the formation of protective aluminium oxide/hydroxide and associated calcareous
deposits (predominantly in the damage area).

3.3. Microstructure and Phases
3.3.1. Microstructure

All the TSA-coated steel specimens were tested at OCP in synthetic seawater (ASTM
D1141). The specimens had holidays/damage exposing steel to ~5, 10, 15 and 18% of the
geometric surface area. After testing, the holiday/damage region in all specimens were
covered with a grey/white deposit. The surface of the TSA coating also had a deposit, but
of a slightly different colour (Figure 2).

The cross-sections of specimens showed a deposit on steel covering the entire holiday.
An example of the specimen with one damage (18.3% area) is shown in Figure 5a. The
deposit on the steel surface had a two-layer structure, comprising a thin Mg-containing
layer adjacent to steel and a thicker Ca-containing layer above. It is evident from EDX
analysis that the deposit formed adjacent to the substrate contained Mg and O, while the
layer further away from the substrate had Ca, O and C. No Mg was found in this outer
layer away from the substrate (Figure 5b,c).

A thin deposit (~10 pm) was also seen on top of the thermal spray layer (Figure 5d).
This was seen in all specimens (irrespective of the damage size or area). The deposit on top
of the thermal spray Al layer had multiple layers. The layer closest to Al had Al and O, the
layer above to it had Mg and O in addition to Al (Figure 5e,f).
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Figure 5. SEM micrographs of the cross-section of TSA specimen with one holiday (18.3% area) (a),
(d); showing EDX patterns of regions 1 (b), 2 (c) and Al (e) and A2 (f).

The amount of deposit on the TSA surface varied, but no correlation was found
between the area, size or the number of damage and the amount of deposit on TSA. The
white deposit on the surface of TSA was predominantly composed of Al and O (Figure 6).
Some trace elements were also noted in the EDX pattern, but these are consistent with the
constituents of synthetic seawater or the mounting compounds.
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3.3.2. Crystallographic Phases

X-ray diffraction (XRD) was used to identify the crystalline phases present in the
deposits formed in the holiday region and on the surface of the TSA coatings.

All the hydrated oxides/hydroxides of Al have the formula AI(OH)3, but they vary
in the crystallographic polymorphs or polytypes, i.e., Bayerite, Doyelite and Norstrandite,
which can be generally named as Gibbsite. Bayerite is monoclinic, whereas Doyleite and
Nordstrandite are triclinic.

From the EDX analysis it was apparent that the two elements that comprised the
majority of the deposit were Mg and Ca. The composition of the deposit did not change
significantly with the area of damage. To understand the corrosion mechanism on exposed
steel and TSA, XRD was carried out on the deposit formed on the TSA surface and the
deposit found in the damage/holiday region on top of steel.

The deposit collected from the TSA surface was predominantly Gibbsitic, with some
indication of the presence of amorphous hydrated oxides of aluminium. The crystalline
peaks correspond to Norstrandite, Doyelite and Bayerite (Figure 7a).
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Figure 7. X-ray diffraction (XRD) pattern of (a) the deposit collected from the surface of the TSA, and
(b) from the holiday/damage region. The pattern shown here was collected from the specimen with
one holiday/damage (18.3% area).
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The deposit collected from the holiday/damage region showed Aragonite and Brucite
phases present, as expected (Figure 7b). Some peaks of Gypsum were also found along
with that of Bayerite, Bassanite and Halite (Figure 7b).

4. Discussion
4.1. Corrosion Performance

The equilibrium potential assumed by the metal (or the coating system) in the absence
of any current flowing through the circuit is called the open circuit potential (OCP) or the
rest potential. When the potential of a material in solution is forced away from OCP by
using a potentiostat, it is referred to as polarising the material. The response of the material,
current, is measured as it is polarised. This gives the potential versus current curve, which
approximates to a straight line near the OCP. The slope of this line is called the polarisation
resistance (Rp). Polarisation resistance is inversely proportional to the corrosion current
and hence the corrosion rate.

It is generally recommended to allow sufficient time for the OCP to stabilise before
beginning the electrochemical test. A stable OCP is an indication that the system being
studied has reached a ‘steady state’. However, in many cases the corrosion reaction rates
are such that it may take many hours/days before the so called ‘steady state” is reached.
This might explain the fluctuations in the potentials of some of the samples tested. The
potentials attained by the samples (with different damage areas) after a few months are
similar. In the absence of a thermally sprayed layer, the open circuit potential would
assume the value of the carbon steel substrate. Thus, the presence of TSA polarises the
entire specimen to potentials well below the so called protective potential of approximately
—800 mV, and while doing so the TSA gets preferentially consumed.

Although polarisation resistance gives an indication of possible corrosion performance,
the corrosion rate is related to other parameters (like the Tafel slopes) which are dependent
on the material and the environment. As the nature of the surface governs the polarisation
resistance, these values can change depending on the surface properties. For TSA coatings
with damage, the corrosion rate values of TSA are also governed by the area of steel exposed.
However, in the corrosion rate data this difference was only noticed in the first week of
testing, indicating a reduction in the area of steel exposed with time. This ‘reduction” is
related to the deposition of calcareous matter on the steel surface. Further, the surface
of TSA had some corrosion products which also increased the polarisation resistance or
decreased corrosion rate.

The reduction in the corrosion rate with time of exposure, even when damaged, is an
added benefit for the use of TSA in offshore service. The initial corrosion rate might be a
bit higher when holidays are present, where the exposed steel is acting as a cathode and
causing accelerated corrosion of the anodic TSA. However, the deposition of calcareous
matter reduces the effective area of exposed steel. The nature of the calcareous matter, when
present, governs the intensity of galvanic interaction between the TSA and the steel. The
ionic path between the steel and the TSA is at least partially blocked by the calcareous matter.
The conductivity of the calcareous matter-electrolyte combination somewhat determines
the galvanic interaction. Thus, the calcareous matter plays a vital role is protecting the
TSA-coated steel when damaged prior to service.

4.2. Design Life of Steel Structures Coated with TSA

The corrosion rate of unprotected C-Mn steel in seawater is reported to be ~0.1 to 0.5
mm/y [40]. Although this value depends on various factors such as temperature, salinity,
agitation, wet and dry conditions etc., it nonetheless gives a good guide. The presence of a
thermally sprayed anodic material, such as a TSA coating, will protect the steel while the
coating is being preferentially consumed. Little or no measurable corrosion of the C-Mn
steel plate is likely to occur in the absence of holiday or damage. Even when a holiday is
present, the TSA coating is likely to protect the steel provided the holiday is in electrical and
electrolytic contact with the TSA. Even when no apparent holiday is present, the thermal
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spray process produces a coating with porosity. This porosity, if surface connected, causes
precipitation of calcareous material on the surface of exposed steel. The calcareous deposits
plug the pores close to the steel surface causing a sealing effect. Similar sealing effect is
also expected due to the generation of Al corrosion products on the pore walls. The test
data presented in this paper showed that the TSA coatings provided sufficient protection
to mitigate corrosion of the C-Mn steel substrate during immersion in artificial seawater,
with the thermal spray layer acting both as a barrier and sacrificial coating.

Electrochemical measurements during immersion showed that the calculated corro-
sion rate of TSA was initially high at ~0.1 mm/y, in all the coated samples, but decreased
significantly after 300 days to ~0.005 mm/y, as shown in Figure 4. The initial high corro-
sion rate was likely to correspond to exposure of the active as-sprayed coating and the
steady reduction of the corrosion rate due to the formation of corrosion products and
associated calcareous deposits. This change in corrosion rate corresponded to a steady
increase in potential of the coated samples from approximately —1100 mV to —900 mV,
which corresponds to the coatings becoming less active. Nevertheless, potentials were
maintained below 800 mV (Ag/AgCl) for all cases for the entire duration of the tests, which
is generally considered to be the threshold for the cathodic protection of C-Mn steel in
seawater immersion.

Estimates of the loss of coating thickness are difficult to obtain from physical thickness
measurements due to the build-up of corrosion product and calcareous deposit which fill
the pores present in the thermal spray coatings and the relatively small losses of material
during the test periods. However, from electrochemical measurements during alternate
immersion, corrosion rates <0.005 mm/y were calculated after 300 days of exposure.
For the sake of simplicity, if we assume that the TSA consumption occurs at a rate of
0.005 mm/y over the nominal coating thickness of 0.3 mm, one would estimate coating
service life to be ~60 years. However, one must note that although the corrosion rates are
calculated and presented in units such as mm/y, is not constant over the material’s lifetime.
In the case of TSA in service, the corrosion rate is likely to change further as the calcareous
deposits form or if mechanical damage of the coating occurs. Realistically, if a safety factor
of two is assumed, a coating life exceeding 30 years can be expected using unsealed Al
with holidays.

The values of estimated coating life in the previous paragraphs are based on constant
immersion in quiescent laboratory conditions and thus are not entirely representative
of real life immersed zones. The seawater velocity has a bearing on the corrosion rate.
However, they give a good indication of corrosion performance in seawater immersion
conditions. In other areas of an offshore structure, such as the splash zone or the tidal zone,
the environmental conditions are different. In such environments, the seawater splash or
alternate immersion combined with temperature fluctuations, UV radiation, biofouling, etc.
provide different service conditions to the ones presented in this paper. Hence, the coating
consumption rate in real service conditions will be somewhat different. Nonetheless, the
coating corrosion life values presented in this paper for immersion service give some
indication of the performance and could be considered a rough estimate.

4.3. Limitations and Further Development

The work presented in this paper focused on the corrosion performance of arc-sprayed
aluminium with predefined circular damaged areas. The damaged areas had coatings
completely removed to expose the underlying steel substrate. The geometry of the damaged
area was circular in nature. Although the size and the number of such ‘damaged areas’
varied, the geometry still remained circular. It was also assumed that the production of
such damaged areas did not result in any changes to the kinetics or nature of the oxide
formed on the TSA surface. However, it must be noted that the concentration of electronic
defects have a bearing on the nature of Al,O3 produced [41,42]. It might also influence the
way in which aluminium deteriorates [43]. Nonetheless, as the ‘damages” were substantial
compared to the defects that might have been generated during the sample production
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phase, it is fair to assume that the impact of electronic defects would be significantly less
and the nature of the response would be dominated by mechanical ‘damages’ [43].

The electrochemical monitoring presented in the paper is not novel. Electrochemical
techniques such as OCP, LPR and Tafel analysis are regularly carried out to ascertain the
corrosion behaviour on a regular basis. The intension of the work was not to develop new
methods of assessment or coating production, but to provide detailed experimental data on
arc-sprayed TSA. Such detailed work on the performance of damaged coatings in seawater
has not been previously reported in open literature. However, further development of
electrochemical monitoring methods would be beneficial for better understanding of the
anodic and cathodic reactions. Some progress has been made to understand the cathodic
reaction by using zero resistance ammeter (ZRA) between the steel and the TSA [25].
EIS also allows better understanding the corrosion mechanism once a suitable electrical
equivalent model has been identified [44]. Modelling work is also considered beneficial
in theoretically looking at the possible mechanisms [33]. It also allows one to carry out

‘simulated” experiments without the expense and time constraints. These developments

are likely to improve our ability to better understand the mechanisms that govern the
performance of TSA in service.

5. Conclusions

The following conclusions can be drawn from the work presented in this paper:

e  TSA has the ability to polarise coated steel to potentials more negative than —800 mV
vs. Ag/AgCl (saturated KCl) at 25 °C. This behaviour was observed even when a
damage or holiday (up to ~18%) was present.

o  The calculated corrosion rates were found to be below 0.01 mm/year after 3 months
of immersion testing even when a holiday (up to ~18%) was present in TSA-coated
steel specimens. The extrapolated long-term TSA coating corrosion rate was found to
be <0.005 mm/year.

e  Deposits were found in the damage region of TSA-coated steel. The deposits com-
prised a layer of brucite [(Mg(OH);] close to the steel substrate and a layer of aragonite
(CaCO3) away from the substrate. This layer of deposits formed on the cathodically
polarised steel surface reduced the exposed steel (effective cathode) area to some
extent. This possibly resulted in lowering the corrosion rate of TSA.

e  Natural seawater contain salts of Mg and Ca. These dissolved salts are responsible for
the formation of calcareous deposits on cathodically polarised surfaces. Therefore, the
presence of these salts are important in the electrolyte when simulating seawater in
the laboratory. Although 3.5 wt% NaCl solution has the same chloride equivalent as
seawater, it should not be used in the laboratory as a substitute for natural or synthetic
seawater to evaluate marine corrosion performance of TSA coatings.
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