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Abstract: The corrosion module of COMSOL Multiphysics 5.6® software was employed to simu-
late the influence of the corrosion products and calcareous deposits on the damage tolerance of a
Thermally Sprayed Aluminium coating (TSA) in a simulated marine immersion environment. The
capacity of TSA to polarise the steel was evaluated by modelling 5%, 50%, and 90% of the sample
uncoated’s area (i.e., substrate exposed). Additionally, the consumption of the sacrificial coating was
simulated by Arbitrary Lagrangian-Eulerian (ALE) for the geometry of the experimental system. The
parameters used in the model were obtained from polarisation curves and Electrochemical Impedance
Spectroscopy (EIS) available in the literature. The results are in good agreement with measurements
of Open Circuit Potential (OCP) and Corrosion Rate (CR) from experiments reported in previous
studies. The model predicted the sacrificial protection offered by TSA as a function of the exposed
steel surfaces, indicating the ability of TSA coating to polarise steel even with up to 90% damage.
Furthermore, a 90–70% reduction in the corrosion rate of TSA was calculated with the simultaneous
influence of corrosion products and deposits formed after 20 days of exposure to artificial seawater at
room temperature.

Keywords: sacrificial protection; thermal spray aluminium; damage tolerance; corrosion modelling

1. Introduction

In offshore steel structures, galvanic anodes in conjunction with dielectric barrier
coatings are often used for corrosion control. However, the complexity of installing cathodic
protection system offshore add costs and risks. Furthermore, an unexpected failure of
protective paint can lead to severe corrosion. The onset of pitting corrosion can act as fatigue
crack initiation sites exacerbating the situation, particularly in offshore wind turbines [1].
Cathodic protection systems maintenance and coating repairs are expensive and sometimes
unfeasible. It is estimated that offshore coating repairs cost 50–100 times greater than
onshore installations [1,2]. Therefore, a reliable corrosion mitigation system requiring little
or no maintenance is desirable.

Alternatively, sacrificial coatings based on Thermal Spray Aluminium (TSA) are often
used to protect offshore structures [3]. In 2017, an offshore wind farm project developed a
fully-automated TSA coating application process on an industrial scale. This technological
innovation led to the installation of 60 offshore wind structures in the German Baltic
Sea using TSA coating with sealant as the primary corrosion control system instead of
conventional organic coating and galvanic anodes [4]. This advance is also due to the
ability of TSA coating to polarise the steel in seawater, which has been demonstrated from
experience [5], laboratory tests in simulated environments, and trials on site [6,7]. It is now
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well established from several studies that TSA coating provides corrosion protection, in the
atmospheric, splash, and submerged zones [8,9].

TSA coating acts as a barrier and offers cathodic protection even if some form of
damage occurs during the operational life, such as by floating debris or accidental im-
pact. The protection mechanism offered by TSA coating with an exposed steel surface
in simulated marine conditions has been explained from several investigations [6,10,11].
The process involves multiple and simultaneous reactions however, the protection can be
attributed mainly to two reasons: (i) When aluminium and steel are in electrical contact,
a galvanic couple is established between these metals (TSA as anode and exposed steel as
cathode) hence, TSA provides cathodic protection by acting as a sacrificial anode, and (ii)
the formation of deposits on steel reduces the cathodic area, and the diffusion of dissolved
O2 is hindered [12]. Throughout this paper, the term ‘deposits’ will refer to the bi-layer on
steel surface composed by brucite (Mg(OH)2) and aragonite (CaCO3), while Al oxides and
hydroxides on TSA coating will be named as ‘corrosion products’. The formation of these
compounds will be covered later in the discussion section.

The damage tolerance can be defined as the ability of TSA coating to polarise exposed
steel to protective potentials without excessive consumption of the coating. Therefore,
the presence of deposits on exposed steel and the passivation tendency of aluminium in
seawater are crucial in determining such tolerance. The formation and stability of these
protective layers are influenced by different variables such as temperature, seawater com-
ponents, sea current, growth marine, time of exposure, changes in local pH, concentration
of OH− and Cl−, just to name a few, making the study of this process a complex subject [13].
In addition, experiments conducted in the lab recognise the difficulty of distinguishing the
kinetics of TSA and exposed steel using electrochemical techniques [14].

Damage to the TSA coating can occur during installation or operation, resulting in
a reduction in service life due to the anodic nature of the coating. However, the quantifi-
cation of the damage level that TSA can tolerate is not fully explored. While long term
tests conclude that TSA provides protection when the defect surface is between 1% and
5% [6,10,14], there are limited data on damage tolerance in the presence of a large cathode.

This work seeks to address the above gaps through numerical simulations. Al-
though extensive research has been carried out on TSA coating as a method of corrosion
mitigation in offshore environments, no study exists that simulates the long-term perfor-
mance and predicts the lifetime of such coating in the presence of damage. It must be
recognised that corrosion simulations of sacrificial zinc and aluminium coatings [15–18], cal-
careous deposits formation on cathodically protected steel in seawater [19,20], and localised
corrosion in aluminium alloys [21,22] have been found separately in the literature. How-
ever, simulations of TSA–steel coated with defects in seawater have not been configured
simultaneously in a single model, and the complexity and influence of different variables
are likely to pose challenges in modelling. Therefore, this study proposes the simulation of
the damage tolerance of TSA, considering the combined effect of deposits and corrosion
products using data from the previous studies of cathodic reactions by Electrochemical
Impedance Spectroscopy (EIS) [14].

2. Materials and Methods

The simulation of the damage tolerance of TSA with varying areas of exposed steel was
conducted using the corrosion module of COMSOL Multiphysics 5.6® software. In addition,
a time-dependent model was introduced to determine TSA consumption and visualise its
dissolution over time.

The simulated potential and corrosion rate were compared with experimental data
available in the literature of the electrochemical performance of TSA coating with an
intentional damage area of 5% [6,10,14]. All comparison tests evaluated the 300-µm thick
coating of pure aluminium (1050 alloy, 99.5 wt% Al) obtained by spraying arc wire deposited
on low carbon steel samples at room temperature under conditions of total immersion
using seawater artificial according to ASTM D1141-98 [23]. Details of the coating obtaining
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process and experimental methods can be found elsewhere [6,10,14]. Figure 1a shows
schematically the shape of the physical specimen. Turning now to the model system,
the equations that govern the simulation are explained below.

2.1. Governing Equations

The model is based on the transport of dissolved species in an electrolyte according to
the Nernst–Planck equation (Equation (1)).

Ni = −Di∇ci − ziF
Di
RT

ci∇φ + ciV, (1)

where Ni is the flux of dissolved species i, Di is the diffusion coefficient of species i, ci is
the concentration of species i, zi is the valence, F is the Faraday constant, R is the molar
gas constant, T is the temperature, V is the fluid velocity, and φ is the electrical potential.
Considering quiescent electrolyte, the fluid velocity V can be set to zero. Since no reactions
are expected between the dissolved species, the material balance for the species is given by
Equation (2):

∂ci
∂t

= −∇.Ni = 0. (2)

The electrolyte is subject to an electroneutrality condition, given by Equation (3):

n

∑
i

zici = 0. (3)

Transport by convection and diffusion are neglected thus, Equation (1) takes the form
of the Laplace equation (Equation (4)) to calculate the distribution of potential over the
electrolyte domain:

∇2φ = 0. (4)

Ohm’s law is applied to calculate potential gradient on the anode and cathode bound-
aries, according to Equations (5) and (6) respectively.

∇φa = −
ja
σ

(5)

∇φc = −
jc
σ

(6)

where σ is the electrolyte conductivity and ja, jc are the local anodic and cathodic current
densities at each electrode surface.

On the TSA surface, ja is the sum of aluminium oxidation and oxygen reduction
current. Similarly, in the exposed steel boundary, jc comprises iron oxidation and oxygen
reduction current, according to the expressions given in Equations (7) and (8).

ja = joTSA(e
2.303η

αa − e
−2.303η

αc ) (7)

jc = joSteel(e
2.303η

βa − e
−2.303η

βc ) (8)

where jo is the exchange current density of TSA or steel. αa,c and βa,c are anodic or cathodic
Tafel coefficients, η is the overpotential represented by Equation (9), where φa,c is the
potential on the anode or cathode, φe is the potential over electrolyte domain, and Ecorr is
the corrosion potential:

η = φa,c − φe − Ecorr. (9)

To evaluate the effect of corrosion products and deposits simultaneously on the dam-
age tolerance of TSA, a film resistance was assumed as a boundary condition on each
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electrode surface. The film resistance on TSA and exposed steel were designated as RTSA
and RSteel , respectively, see Equations (10) and (11):

∆φ f ilm = RTSA ja (10)

∆φ f ilm = RSteel jc. (11)

In this way, each electrode receive an extra potential contribution due to the film
resistance according to Equation (12):

η = φa,c − φe − ∆φ f ilm − Ecorr. (12)

2.2. Time-Dependent Model

Arbitrary Lagrangian–Eulerian (ALE) is a moving mesh technique that simulates
a realistic scenario of a corroding electrode over time in a galvanic couple [15,24]. TSA
was assumed to only corrode in the normal direction of the electrode boundary. Thus,
the ALE method was employed to calculate the consumption of the TSA and achieve the
displacement of the mesh according to Equations (13) and (14).

n.
∂x (or ∂y)

∂t
= v (13)

n.v =
Mja
zFρ

(14)

where n denotes the normal component of velocity vector v, M is the molar mass, and ρ
the density of the dissolving species.

The formation of calcareous deposits hinders the diffusion of dissolved oxygen [14]
therefore, steel corrosion is neglected, and the boundary condition is given by Equation (15):

n.v = 0. (15)

2.3. Geometry and Boundary Conditions

The geometry was built to match the area of the physical sample evaluated in the
experiments [6,10,14] (Figure 1a). Exposed steel surfaces of 5%, 50%, and 90%, were
recreated in a 2D axi-symmetric space dimension component by varying the defect radius
with 5 mm, 16 mm, and 21.4 mm, respectively. Figure 1b shows the boundary conditions in
the modelled geometry.

Figure 1. (a) Schematic of the thermally sprayed coated sample used in the experiments. I-TSA
coating. II-Exposed Steel 5%. (b) Boundary conditions.

2.4. Parameters

Table 1 presents the kinetic parameters, taken from polarisation curves performed after
24 h of immersion in artificial seawater. The constants used in the model are also indicated.
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Table 1. Parameters used in the model. Potentials are referred to Ag/AgCl (Sat. KCl).

Parameter Value Description

Ecorr Steel −0.71 V Corrosion potential of steel [14]
jo Steel 9 × 10−2A/m2 Exchange current density-cathode [14]

βa 0.114 V/dec Anodic Tafel coefficient-steel [14]
βc 0.538 V/dec Cathodic Tafel coefficient-steel [14]

Ecorr TSA −0.98 V Corrosion potential of TSA [6,10]
jo TSA 5.5 × 10−2A/m2 Exchange current density-anode [6]

αa 0.57 V/dec Anodic Tafel coefficient-TSA [6]
αc 0.18 V/dec Cathodic Tafel coefficient- TSA [6]
σ 5 S/m Electrolyte conductivity (Seawater) [25]
M 26.98 g/mol Al molar mass
ρ 2.7 g/cm3 Al density
z 3 Number of electrons for dissolving specie
F 96,485.34 C/mol Faraday constant

The values to simulate the effect of corrosion products and deposits are based on the
findings reported by R. Grinon et al. [14]. Hence, in this model RSteel represents deposits on
the exposed steel. Similarly, RTSA acts as corrosion product layer on TSA coating. The value
of these parameters are indicated in Table 2.

Table 2. Data from EIS [14].

Parameter Description
Exposure Time

10 d 20 d

RSteel Film resistance on steel [14] 15.5 kΩ·cm2 46 kΩ·cm2

RTSA Film resistance on TSA [14] 2.7 kΩ·cm2 8.7 kΩ·cm2

The combined effect of corrosion products and deposits on the TSA damage tolerance
simulation will be named as follows:

• E0: No corrosion products or deposits;
• E1: Corrosion products and deposits formed in 10 d;
• E2: Corrosion products and deposits formed in 20 d.

3. Results
3.1. Potential

In this paper, potentials are referred to Ag/AgCl (Sat. KCl) reference electrode
(Ere f = +0.199 V vs. SHE) to facilitate comparison of results.

Figure 2 presents the simulated potential of all exposed steel surfaces configured in the
model, including the simultaneous influence of corrosion products and deposits. Likewise,
the ability of TSA to polarise steel within the range of protection potentials established by
DNV-RP-B401 [26] is compared. This recommended practice provides requirements and
guidelines for cathodic protection design in permanently immersed structures classified in
corrosive category Im4 [27]. This standard advises that −0.74 V is accepted as the design
protection potential for low carbon steel in seawater, and less negative values are referred
to as under protection. In addition, for a properly designed galvanic anode CP system,
the recommended protection potential for most of the service life is in the range of −0.84 V
to −0.99 V [26].

At the start of the exposure (assuming effect E0), the computed potential represents
the mixed potential between TSA and carbon steel. Due to the size of the anodic surface
being larger than the cathodic surface, as expected, the calculated potential (−0.96 V) is
closer to the measured free corrosion potential of TSA. Potentials of −0.974 V and −0.976 V
were calculated with the effect E1 and E2, respectively. The evolution of the open circuit
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potential (OCP) available in the literature registered similar values. Potentials between
−0.91 V and −0.97 V were found within the first 20 days of immersion [6,10,14].

The simulated potential for TSA-coated steel with 50% of exposed steel was −0.82 V. It
is evident, that the potentials considering E1 and E2 conditions, led to values more negative,
around −0.89 V and −0.92 V, respectively.

Finally, in an extreme damage scenario, with 90% of the exposed substrate with effect
E0, a potential of−0.73 V was obtained, of which the value is outside of the protection range.
In contrast, potentials computed under E1 and E2 conditions (−0.772 V and −0.796 V), are
below the protection design potential. These results agree with TSA’s ability to polarise the
exposed steel (90%) within the first 35 days reported in lab experiments [28].

Figure 2. Simulated potential as a function of the exposed steel surface and combined effect of
corrosion products and deposits.

Figure 3 shows a 3D plot of simulated electrode potential for all model configurations.
The ohmic drop is neglected due to the high conductivity of the electrolyte (5 S m−1), which
results in a uniform potential distribution in the modelled geometry.
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Figure 3 shows a 3D plot of simulated electrode potential for all model configura-178

tions. The ohmic drop is neglected due to the high conductivity of the electrolyte (5 S179

m−1), which results in a uniform potential distribution in the modelled geometry.180

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
Figure 3. Simulated electrode potential. (a) 5% of exposed steel with E0. (b) 5% of exposed steel with E1. (c) 5% of exposed 
steel with E2. (d) 50% of exposed steel with E0. (e) 50% of exposed steel with E1. (f) 50% of exposed steel with E2. (g) 90%
of exposed steel with E0. (h) 90% of exposed steel with E1. (i) 90% of exposed steel with E2.

3.2. Current Density181

Figure 4 compares the simulated current densities (absolute values) on the modelled182

geometry. In all cases, the magnitude of current density decrease in both electrode183

surfaces with E1 and E2 conditions. It is also observed that the current density is highest184

at the TSA-Steel interface, where is expected a preferential dissolution of TSA.185

In the case of 5% of the damaged surface, the current densities decreased; this trend186

is in agreement with experimental data of current densities monitored in 10 d and 20 d187

[14]. Assuming a stable layer of corrosion products and deposits (E2), the anodic current188

density predicted by the model can be compared with data from experiments, while the189

Figure 3. Simulated electrode potential. (a) 5% of exposed steel with E0. (b) 5% of exposed steel with
E1. (c) 5% of exposed steel with E2. (d) 50% of exposed steel with E0. (e) 50% of exposed steel with
E1. (f) 50% of exposed steel with E2. (g) 90% of exposed steel with E0. (h) 90% of exposed steel with
E1. (i) 90% of exposed steel with E2.

3.2. Current Density

Figure 4 compares the simulated current densities (absolute values) on the modelled
geometry. In all cases, the magnitude of current density decrease in both electrode surfaces
with E1 and E2 conditions. It is also observed that the current density is highest at the
TSA-steel interface, where a preferential dissolution of TSA is expected.

In the case of 5% of the damaged surface, the current densities decreased; this trend is
in agreement with experimental data of current densities monitored in 10 d and 20 d [14].
Assuming a stable layer of corrosion products and deposits (E2), the anodic current density
predicted by the model can be compared with data from experiments, while the model
predicted an anodic current density of 0.003 A·m−2, the test in lab recorded 0.005 A·m−2

after 20 d of exposure [14].
Figure 4d–f show the evolution of the current densities for a sample with 50% of

exposed steel. The model calculated values of 0.26 A·m−2, 0.095 A·m−2, and 0.04A·m−2 in
condition E0, E1, and E2, respectively.

It is clear that a large cathode (90% exposed steel) coupled to a small anode promote a
high current density on TSA, around 0.44 A·m−2 as is observed in Figure 4g. This is due to
both aluminium self-corrosion and sacrificial corrosion. However, over time, the build-up
of corrosion products inhibits the anodic dissolution. On the other hand, deposits on steel
mitigate corrosion by acting as physical barrier, which reasonably results in a decrease
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in current density under E1 and E2 conditions as is shown in Figure 4h,i, with values of
0.23 A·m−2 and 0.124 A·m−2, respectively.
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model predicted an anodic current density of 0.003 A.m−2, the test in lab recorded 0.005190

A.m−2 after 20 d of exposure [14].191

Figures 4d, 4e and 4f show the evolution of the current densities for a sample with192

50% of exposed steel. The model calculated values of 0.26 A.m−2, 0.095 A.m−2 and193

0.04A.m−2 in condition E0, E1 and E2, respectively.194

It is clear that a large cathode (90% exposed steel) coupled to a small anode promote195

a high current density on TSA, around 0.44 A.m−2 as is observed in Figure 4g. This is196

due to both aluminium self- corrosion and sacrificial corrosion. However, over time,197

the build-up of corrosion products inhibits the anodic dissolution. On the other hand,198

deposits on steel mitigate corrosion by acting as physical barrier, which reasonably199

results in a decrease in current density under E1 and E2 conditions as is shown in Figure200

4h and Figure 4i, with values of 0.23 A.m−2 and 0.124 A.m−2, respectively.201

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
Figure 4. Simulated current densities on exposed steel (left side) and TSA coating (right side) without and with the influence 
of corrosion products and deposits. The lines with arrows indicate the electrolyte current density vector and the solid line 
represents the total current density on each surface. (a) 5% of exposed steel with E0. (b) 5% of exposed steel with E1. (c) 5%
of exposed steel with E2. (d) 50% of exposed steel with E0. (e) 50% of exposed steel with E1. (f) 50% of exposed steel with 
E2. (g) 90% of exposed steel with E0. (h) 90% of exposed steel with E1. (i) 90% of exposed steel with E2.

Figure 4. Simulated current densities on exposed steel (left side) and TSA coating (right side) without
and with the influence of corrosion products and deposits. The lines with arrows indicate the
electrolyte current density vector and the solid line represents the total current density on each
surface. (a) 5% of exposed steel with E0. (b) 5% of exposed steel with E1. (c) 5% of exposed steel
with E2. (d) 50% of exposed steel with E0. (e) 50% of exposed steel with E1. (f) 50% of exposed steel
with E2. (g) 90% of exposed steel with E0. (h) 90% of exposed steel with E1. (i) 90% of exposed steel
with E2.

3.3. Corrosion Rate

According to Equation (14), the cathode is assumed not to be corroding, i.e., this
boundary was set with zero displacements. Conversely, the consumption of the TSA
coating is represented by the mesh movement, and it was predicted at times t = 0 and
t = 200 d. Figure 5 illustrates the loss of thickness and local current density for TSA with
90% of exposed steel.

Figure 5a indicates the initial state t = 0 and E0. After 200 d, the model predicted a
minor mesh displacement with E1 and E2 conditions, regarding to t = 200 d with E0.

Likewise, the ALE technique was applied for all configurations in the simulations.
Thus, the corrosion rate of TSA was calculated from anodic current density using Faraday’s
law, given by Equation (13), whose values are indicated in Table 3.
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Figure 5. (ALE) Mesh moving technique and current density of TSA coating with 90% of exposed
steel. Notice that only a representative part of the cathode of the entire geometry is shown. (a) t = 0
and initial condition E0. (b) t = 200 d and initial condition E0. (c) t = 200 d and condition E1.
(d) t = 200 d and condition E2.

The results shown in Table 3 corroborate the findings of a great deal of the previous
work in the estimation of corrosion rates by Linear Polarisation Resistance (LPR), for a
sample with 5% of exposed steel, with values of 0.08 mm·y−1 at the beginning of the test
and 0.01 mm·y−1 after 20 days of immersion in artificial seawater [10].

In accordance with the present results, previous studies have demonstrated that a
large defect size (90% of exposed steel) lead to rapid TSA coating consumption. Corrosion
rates of 0.438 mm·y−1 and 0.42 mm·y−1 were calculated from the model and laboratory
test [28], respectively.

Table 3. Corrosion rates calculated from the model.

Exposed Steel
Corrosion Rate of TSA (mm·y−1)

E0 E1 E2

5% 0.033 0.008 0.0035
50% 0.279 0.102 0.045
90% 0.438 0.256 0.135

4. Discussion
4.1. Considerations of Modelling

This model seeks to predict the damage tolerance of TSA in artificial seawater, for the
geometry modelled taking into account the following considerations simultaneously:
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• The ability of TSA coating to polarise exposed steel by varying surfaces of damage;
• The formation of calcareous deposits block the diffusion of dissolved O2 to steel;
• The precipitation of corrosion products fill the porous of the coating, reducing the

corrosion of aluminium;
• The model replicates the behaviour of corrosion products and calcareous deposits as-

suming a film resistance on each electrode surface. The values were taken from a depth
examination of cathodic reactions by Electrochemical Impedance Spectroscopy (EIS)
conducted by R. Grinon et al. [14]. This investigation introduced a new methodology
to separate anodic and cathodic processes. The samples were designed so bi-electrode
and electrochemical measurements can be performed separately. From this study,
the charge transfer resistance, and diffusion elements trough the corrosion products
to TSA and deposits to the steel were selected as parameters in the simulation. De-
posits build-up on steel surfaces and aluminium corrosion products on TSA can be
compared to an electrically resistant layer [12] therefore, EIS is often used to de-
termine quantitative data about dielectric and electrical elements at the interface
electrode/solution [29,30]. The record of OCP in long-term exposure tests shows
that the potential reaches a plateau after approximately 20–30 days [6,14] thus, it is
considered that the deposited layers are stable enough to inhibit cathodic reactions
and reduce the production of OH− ions. The model assumed values of electrical
resistance of deposits and corrosion products measured at two specific moments (10 d
and 20 d);

• Physical measurements of thickness loss in the coating are difficult to obtain since
the deposits and corrosion products fill the pores. In addition, the material losses
are small and localised. For this reason, electrochemical measurements are generally
adopted to estimate the corrosion rate [31]. This model simulates the CR by ALE and
compares the results with values obtained by LPR [10].

4.2. Steel Protection by Damaged TSA Coating

In marine environments, aluminium is widely used for its suitability as a sacrificial
material to protect steel due to its position in the galvanic series. For this reason, even if
TSA coating is damaged, the substrate is protected by aluminium through galvanic action,
but on the other hand, it will increase the deterioration of the coating [32]. The protection
system offered by TSA coating in a scenario of damage (exposed steel) can be explained
as follows.

The primary protection mechanism offered by TSA is due to the potential difference
between Al and steel thus, TSA acts as an anode and the dissolution is produced according
to Equation (16):

Al −→ Al3+ + 3e−. (16)

The sacrificial protection of steel by TSA is correlated with the results of the simulated
potential. The model predicted the ability of TSA coating to polarise exposed steel even
with up to 80% damage without the presence of calcareous deposits or corrosion products,
i.e., with E0 (Figure 2). Furthermore, in accordance with the mixed potential theory, when
the damage surface area increases, the potential evolves to steel equilibrium potential (Ecorr
Steel −0.71 V). This linear trend is observed in the distribution of potential as the size of
the defect is varied as can be seen in Figure 3a,d,g.

Although TSA can polarise steel towards protective potentials, even in the presence
of a large cathode, the simulated corrosion rate of TSA with E0 is very high, which means
limited coating life. Table 3 shows the increase in the CR when the size of the damage
augments, calculating values of 0.33 mm·y−1, 0.279 mm·y−1, and 0.438 mm·y−1 with
exposed steel surfaces of 5%, 50%, and 90%, respectively.

On the cathodic surface, in this case exposed steel, the oxygen reduction and hydrogen
evolution take place, according to Equations (17) and (18). As a result of these cathodic
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reactions, the local pH increases due to the production of OH− ions and, consequently,
causes the precipitation of calcareous deposits on steel:

O2 + 2H2O + 4e− −→ 4OH− (17)

2H2O + 2e− −→ H2 + 2OH−. (18)

4.3. Effect of Calcareous Deposits

It has been acknowledged that the formation of calcareous deposits hinders the cor-
rosion of steel, which act as a physical barrier adding protection [14]. The nature of the
calcareous deposits plays an important role in the protection of steel [10]. However, in light
of the particular interest of this study, the deposit formation mechanisms can be briefly
described as follows.

The increase in pH near the surface of the steel leads to the co-precipitation of insoluble
compounds rich in magnesium and calcium. Due to the presence of Ca2+ and Mg2+

ions in artificial seawater (see Table 4), the literature reports that magnesium hydroxide
precipitates at a pH of about 10, while the pH of calcium carbonate precipitation is 8.7 [12].
The formation process of which can be explained by Equations (19)–(21):

OH− + HCO−3 −→ H2O + CO2−
3 (19)

CO2−
3 + Ca2+ −→ CaCO3 (20)

Mg2+ + 2OH− −→ Mg(OH)2. (21)

Table 4. Artificial seawater composition according to ASTM D1141-98 [23].

Compound Salt Concentration (g/L) Compound Salt Concentration (g/L)

NaCl 24.53 NaHCO3 0.201
MgCl2 5.2 KBr 0.101

Na2SO4 4.09 H3BO3 0.027
CaCl2 1.16 SrCl2 0.025
KCl 0.695 NaF 0.003

From long-term tests of TSA in artificial seawater, two structures have been clearly
identified through the characterisation of deposits by complementary techniques such as
Scanning Electron Microscopy (SEM), Energy Dispersive X-ray spectroscopy (EDX), and
X-ray Diffraction (XRD). At an ambient temperature, the calcareous deposits formed on
the surface of steel present a bi-layer structure made up of brucite (Mg(OH)2) in the inner
layer followed by aragonite (CaCO3) in the outer layer [6,10,14,28].

Such calcareous deposits have poor electrical conductivity and are beneficial as they
reduce the active cathodic surface area, blocking the diffusion of oxygen to the steel.
Furthermore, if the cathodic surface area is reduced, the dissolution of the aluminium
(Equation (16)) will also decrease. Under this perspective, the simulations considered
the effect of the deposits acting as a film resistance in the galvanic process, resulting in
a decrease in cathodic current density. This trend is clearly represented by the plot of
evolution of cathodic current densities shown in Figure 4 with effect E1 and E2.

From the data obtained by EIS, the magnitude of said film resistance increases with
time. Due to the OCP reaching a stable value after 20–30 days of exposure, it is believed
that the protective layer formed is strong enough to block the cathodic reactions. As can
be seen in Table 3, the model with E2, predicted a 90%, 80%, and 70% reduction in the
corrosion rate of TSA for 5%, 50%, and 90% of exposed steel, respectively. However,
over time, pores interconnected through both layers of deposits will permit steel corrosion
and oxygen reduction.
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4.4. Effect of Aluminium Corrosion Products

Due to the presence of exposed steel, the cathodic reaction is favoured and conse-
quently the dissolution of aluminium is accelerated. Over time, white corrosion products
of Al oxides and hydroxides appear on the surface of TSA according to Equations (22)–(24):

Al + 3OH− −→ Al(OH)3 + 3e− (22)

Al(OH)3 + OH− −→ Al(OH)−4 (23)

Al + 4H2O + e− −→ Al(OH)−4 + 2H2. (24)

TSA coating obtained by arc wire spray method provides several advantages however,
the drawback of this technique is the porosity, usually between 5% and 15% [33]. Generally,
a sealant is applied to reduce the defects and enhance the lifetime of the deposited coating. It
is important to clarify that, despite the Duplex System, which compromises a sacrificial layer
of (TSA), sealant and topcoat is used to protect marine structures [4], the simulation does
not consider such elements because the primary purpose is to predict the level of protection
provided by aluminium and its consumption rate in the event of damage during service.

Aluminium corrosion products precipitate on the surface as well as inside the pores
of the coating, providing the Plugging Effect. This effect blocks the electron transfer
from the metal to the solution, reducing the self-corrosion of Al, whose behaviour can be
illustrated quantitatively by the plots of anodic current density in Figure 4. It is evident that
the magnitude of anodic current density decrease with E1 and E2 however, the stability
of the passive layer is affected by aggressive ions such as chloride, leading to localised
corrosion (pitting).

Regarding the model, incorporating the mesh movement technique (ALE) allows
predicting the corrosion of TSA coating over time, as can see in Figure 5. A notable
reduction of coating consumption (displacement) is observed over time with E1 and E2.

Nevertheless, it is essential to note that the corrosion rate is not constant and should
be considered with caution. At the beginning of the immersion, rapid corrosion of the
aluminium occurs, which tends to protect the exposed steel due to its anodic nature.
Over time, the corrosion rate decreases due to the accumulation of deposits/corrosion
products on the exposed metal and coating surface [6,10,11,14,28].

TSA is considered a sacrificial coating that acts as uniformly distributed anodes
thereby, another important aspect is the thickness of the coating. ANSI-AWS C2.18-93R [34]
recommends a thickness between 200 and 350 µm in submerged zones to provide corrosion
protection for 25 years, i.e., the maximum allowable corrosion rate is 0.012 mm·y−1 if a
0.3-mm thick coating is considered.

Retaking the data presented in Table 3, the simulated corrosion rates of TSA with 5%
of damage are likely very optimistic. It is estimated that the coating has 86 years of useful
life, even without the sealant. In the cases of 50% and 90% of exposed steel, the lifetime
predicted by the model is 7 years and 2 years, respectively, if a thickness of 0.3 mm and the
combined effect E2 are assumed.

Although the simulated potentials and current densities are consistent with the experi-
ments, the extrapolation of these results should be taken with caution, since the resistivity
and porosity of the deposits and corrosion products are not stable over time. Furthermore,
in real life, the sea current can remove or delay the formation of these protective layers.

5. Conclusions

The model proposed in this work simulated the damage tolerance of the TSA coating
by varying the surface of the exposed substrate, including the simultaneous effect of alu-
minium corrosion products and deposits through a time-dependent model. The simulated
potential and corrosion rates are in broad agreement with experimental values obtained by
electrochemical measurements on TSA-coated steel samples with 5% surface damage.
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The simulation predicted a high corrosion rate when a large defect is present in TSA-
coated steel. At first, there is rapid corrosion of the coating, which tends to protect the
exposed steel due to its anodic nature. However, the corrosion rate decreases over time
due to the accumulation of corrosion products and deposits. This behaviour is consistent
with the literature.

The findings of this simulation provide insights into the correlation between defect
size, protection capacity, and TSA corrosion rate i.e., the damage tolerance. It could also help
estimate the life of the coating if unexpected damage occurs during installation or service.
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