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Abstract 
Cathodic protection is an effective corrosion protection for structures submerged in 
seawater. In addition to applying the current need to lower the metal below the 
protection potential, a resulting increase in interfacial pH leads to precipitation of 
calcareous deposit. This deposited layer act as a barrier against oxygen diffusion on 
the surface, hence lowering the current demand of the structure. However, this layer 
will also hinder the thermal conductivity, and is therefore unwanted at the surface of 
heat exchangers. 

There are several factors influencing the precipitation of calcareous deposit. This 
includes potential, current, pH, seawater chemistry, flow rate etc. These factors have 
been thoroughly investigated for many years, but mostly with steel as substrate 
material.  

Specimens of steel coated with thermal sprayed aluminum (AlMg5) and aluminum 
plates of alloys AA5082, AA1050 and Al99.99 were exposed to seawater for 5-6 
weeks, polarized to -1050 mV vs Ag/AgCl. The current demand was constantly 
recorded using KorrosjonsLogger©. Results from introductory experiments are also 
included.  

The unsealed TSA specimens had the highest current demand, but were also 
exposed to a higher seawater temperature than the other specimens, which has 
influenced the results. The sealed TSA specimens had a current demand around 10 
mA/m2 after 6 weeks, which is 10 times lower than usually found on steel specimens. 
For the aluminum plates the trend showed that the higher alloying elements, the 
higher current density. 

The explanation for the low current demand compared to steel is that the cathodic 
area for aluminum is the intermetallic particles that are cathodic to the matrix, while 
for steel the whole surface act as a cathodic site. In addition, mechanisms during 
cathodic protection of aluminum lead to an isolation of the cathodic particle, hence 
continuously lowering the current demand. 

After exposure, the specimens were investigated in SEM and the composition on the 
surface was found using EDS. The SEM images showed a furry surface on the TSA 
specimen, but no familiar structure of calcareous deposit, which has been seen on 
steel specimens. For the aluminum plates, the intermetallic particles had been “dug 
out”, showing a pit between the particle and matrix. A typical structure of calcareous 
deposit was not seen here either.  
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However, the EDS analysis showed an increase in both Mg and Ca content. The 
Mg/Ca ratio varied over the surface, with the highest ratio and content for the 
intermetallic particles for the aluminum plates and at the peaks of the surface at the 
TSA specimens. The Mg/Ca ratios found were much higher than found on steel. 

Both the SEM images and EDS analysis confirms the theory that there will precipitate 
less calcareous deposit on TSA surfaces compared to steel. Further studies will show 
whether the small content found will have an influence on the thermal conductivity.  
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1 Introduction 
There is an increasing interest, within oil and gas production, in placing most of the 
production on the seabed. In that connection there will, amongst other, be need for 
subsea heat exchangers. Normally, materials being used subsea are steel protected 
with cathodic protection. Steel is a relatively cheap material, and in addition to 
lowering the potential to an immune state, use of cathodic protection leads to 
precipitation of calcareous deposit, due to increased interfacial pH. This layer will 
function as a barrier against the corrosive environment, leading to a decrease in 
current demand.  

However, the calcareous deposit will also hinder thermal conductivity, which is 
unwanted in connection to a heat exchanger. There is therefore an interest in finding 
a solution where calcareous deposit does not precipitate on the surface. As the heat 
exchanger is connected to other parts of a structure protected by sacrificial anodes, 
the heat exchanger will also be influenced. A suggestion to use thermally sprayed 
aluminum on steel has been made and results from introductory experiments 
indicated that calcareous deposit would precipitate on aluminum in a lesser degree 
than steel. The introductory experiments showed that the main element of the 
calcareous deposits was Mg. Studies have shown that Mg hinders the precipitation 
and growth of CaCO3, giving reason to believe that there will be less calcareous 
deposit on Mg containing alloys.  

The aim of this thesis is therefore to investigate further the use of thermally sprayed 
aluminum together with cathodic protection. In addition to study TSA specimens, 
aluminum plates of various alloys will be investigated to better understand the 
mechanisms happening on the aluminum surface. As the TSA is an AlMg5 alloy, 
plates of the AlMg5 alloy AA5082 is also investigated. This is to see what influence 
the intermetallic particles, which are easier to see on an extruded plate, have on the 
deposition of calcareous deposit. Also, plates of Al99.99, which should not contain 
any intermetallic particles, will be investigated to see whether the intermetallic 
particles have an influence on the precipitation of calcareous deposit. To see what 
influence Mg content has on the calcareous deposit, alloy AA1050, which also is a 
common TSA alloy with very low Mg content, is investigated.  
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2 Theory 

2.1 Corrosion of aluminum  
Corrosion is dissolution of material by chemical reactions. It does not include 
mechanisms such as erosion or wear, which are mechanical mechanisms. Aqueous 
corrosion is dissolution of a metal in water, where the water acts as an ion 
conducting electrolyte. When a metal surface is immersed in an electrolyte, i.e. water, 
metal ions detach from the metal, flow into the electrolyte, leaving electrons behind 
on the metal. The dissolution of metal ions will continue until the metal reaches its 
equilibrium potential and the system contains a certain concentration of dissolved 
ions to be in equilibrium. Stirring the electrolyte, continuously replacing the water, will 
result in the metal losing more and more ions, and not reaching equilibrium. Hence, 
the metal will corrode continuously.  

Aluminum is known to be quite corrosion resistant, at least at neutral pH. This is due 
to the presence of a very stable oxide on the surface. The dissolution of aluminum 
occurs according to equation (2.1). A scratch in the oxide is immediately followed by 
oxidizing of the surface according to the equation (2.2). As opposed to steel, which 
needs dissolved oxygen in the solution to form an oxide, aluminum oxide will deposit 
by splitting the water molecules [1].The electrons released will be consumed by the 
reduction reactions in equations (2.3) and (2.4). The anode and cathode can be 
situated on the same piece of metal; hence there is no need for an external electrode 
to be present for the process to occur. 

3 3Al Al e+ −→ +  (2.1) 
3

2 2 32 3 6Al H O Al O H+ ++ → + (2.2)  
2 24 4 2O H e H O+ −+ + →  (2.3) 

22 2H e H+ −+ →  (2.4) 
 

The aluminum oxide is amphoteric; i.e. it is unstable in both acidic and alkaline 
environment. This can be seen in the Pourbaix diagram for pure aluminum in 
seawater in Figure 2.1, where the equilibrium potential (Ee) between a metal and its 
various oxidized species is plotted as a function of pH. The Nernst equation (2.5) is 
used to construct the Pourbaix diagram. 
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0 [ ]ln
[ ]e

RT reduced
E E

zF oxidised
= −  (2.5) 

 

Here R is the universal gas constant (8,2145J/Kmol), T is the absolute temperature 
(K), z is the number of moles of electrons involved in the reaction and F is the 
Faraday constant (96 485 C/mole electrons).  The notations [reduced] and [oxidized] 
is the product of the concentrations of all the species that appear on respectively the 
reduced side and the oxidized side of the electrode reaction, raised to the power of 
their stoichiometric coefficients.  

As mentioned above, a cathodic reaction must take place to balance the anodic 
reaction of metal dissolving. The cathodic reaction’s equilibrium potential, calculated 
by the Nernst equation will become a straight line in the Pourbaix diagram. As there 
is two possible cathodic reactions in water, (2.3) and (2.4), there will be two straight 
lines in the Pourbaix diagram, with decreasing potential as the pH increases, as seen 
in Figure 2.1 and the lines labeled a) and b). For each stable oxidation product the 
metal holds, a vertical line is drawn according to their equilibrium potential. This 
requires a given concentration, e.g. 10-6 mol/dm3. 

Based on this diagram it is possible to see whether the metal will be active, passive 
or immune. The Pourbaix diagram in Figure 2.1 shows that aluminum is passive  

 

Figure 2.1: Pourbaix-diagram for pure aluminum in seawater [2]. The line labeled a) is the 
oxygen reduction, while line b) is hydrogen evolution.  
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between pH 3 and 5, at potentials higher than -1.7 mV SHE. According to the 
diagram, the metal is not immune until the potential is below -1.7 V SHE in sour 
environment and at even lower potentials when increasing pH according to the 
diagram. However, studies have shown that aluminum practically does not have an 
immune zone, due to formation of aluminum hydrides that makes the oxide unstable 
[1]. 

Considering that the pH in seawater is between 7.5 and 8.3 [3], aluminum looks 
unfavorable for use in seawater  according to the Pourbaix diagram in Figure 2.1.  
However, some aluminum alloys are known as seawater resistant due to the alloying 
elements. An experimental potential – pH diagram for the aluminum- magnesium 
alloy 5086 in chloride solution is shown in Figure 2.2. Alloy 5086 contains wt% 0.1 Si, 
0.3 Fe, 0.4 Mn, 4.3 Mg, 0.1 Cr [2]. The diagram shows that the passive area for the 
alloy is increased compared to the Pourbaix diagram for pure aluminum in Figure 2.1. 
Figure 2.2 shows that the aluminum alloy is passive between over the whole pH 
range at certain potentials and at pH 8.3 between -0.85 and -1.2 mV SCE. The 
reason for the increase in passive area is the passivating alloying elements Mg and 
Mn, which has an increasingly passive oxide with increasing pH. More about the 
influence of alloying elements on corrosion protection is found in the next chapter. 

 

 

 
Figure 2.2: Experimental pH-potential diagram for aluminum alloy AA5086 in NaCl solution [2]. 
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As the corrosion resistance of Al to a great extent depends on the surface oxide, any 
factor that reduces the effectiveness of the film may drastically reduce the corrosion 
resistance. One factor that weakens the oxide is the pH of the environment. As 
mentioned above, alloying elements make the oxide more passive in slightly alkaline 
environments, but at higher pH the oxide will be broken down. As will be showed 
later, cathodic protection will increase the pH of the environment, making the oxide 
unstable.  If the rate of the cathodic reaction on the surface becomes too high, the 
surface becomes alkaline and the protective oxide may become destabilized [2].  

Corrosion of aluminum can take several different forms but is in most cases localized, 
either as pitting, intergranular, exfoliation, stress, filiform or general corrosion [4]. 
Pitting is the most common corrosion form in seawater, as pitting occurs in the 
presence of chloride ions in the solution. The aluminum oxide will become unstable in 
the presence of chloride ions if the potential of the metal is raised above a critical 
pitting potential, Ec. Well over the pitting potential, Ec, the corrosion becomes more 
uniform, giving the appearance of etching [1]. The boundary between pitting and 
general attack can be seen in Figure 2.2 and is around -0.7 V SCE. 

Aluminum can undergo both localized and general corrosion without aggressive 
species present, if the aluminum specimen is made a cathode, as is the case for 
cathodic protection. This is due to the reduction reactions in equation (2.3) and (2.4) 
causing an alkaline diffusion layer adjacent to the surface. As mentioned above, an 
alkaline environment dissolves the protective aluminum oxide leading to corrosion 
attack. This alkaline layer may not easily be swept away by stirring the solution of the 
bulk [1]. 

 

2.1.1 Effect of temperature on corrosion of aluminum 
As a general rule, the corrosion reaction rates in seawater increase as the 
temperature increases [3]. For aluminum and its alloys increased temperature leads 
to a shift in the passive zone in the Pourbaix diagram towards lower pH. This means 
that in alkaline and neutral environments aluminum will be less resistant to corrosion 
with increasing temperature, while becoming more resistant in acid environments, 
purely based on thermodynamic considerations [1]. The temperature does not affect 
the pitting potential, Ec, significantly up to about 30 °C. Above 40 °C, however, Ec 
becomes more negative with increasing temperature [1].  

 

2.1.2 Effect of flow on corrosion of aluminum 
Increasing flow rate in seawater reduces the possibility of pitting on the cost of 
increased uniform corrosion. The flow rate transition depends on the alloy and 
hydrodynamic conditions [2]. In the pitting range of the flow rate, a decrease in 
corrosion rate is observed with time, whereas in the uniform corrosion range, the 
corrosion rate is nearly constant as a function of time [2].  
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2.1.3 Effect of alloying elements on corrosion of aluminum  
The grade of corrosion is affected by the purity of the metal. High purity metal is more 
resistant to corrosion than alloyed metal and generally the more alloying elements, 
the less corrosion resistant [4, 5]. The most common alloying elements in aluminum 
is silicon, manganese, magnesium, copper and zinc [6]. These alloying elements can 
contribute to strength, formability, corrosion resistance of the metal and more.  

The alloying elements contribute to corrosion protection depending whether the 
elements are more noble or active than aluminum. Fe containing intermetallic 
particles are electrochemically more noble than the surrounding aluminum matrix [1]. 
The potential difference between Fe as FeAl3 and the aluminum matrix is of the order 
of 1.2 V [4]. Because of this potential difference, they act as sites for the reduction 
reactions described by equation (2.3) and (2.4). The rate of the reduction reaction is 
dependent on the ratio of the area of exposed intermetallic particles relative to the 
area of the matrix alloy. At high enough reduction reaction rates these cathodes are 
capable of increasing the potential of the surrounding aluminum matrix in the positive 
direction. Depending on the corrosivity of the environment, the oxide film breaks 
down at weak spots and a microgalvanic cell action is established between the 
cathodic and anodic area [1]. Addition of manganese, increases the resistance of 
pitting by preventing the formation of Fe3Al-particles [4].Instead, (FeMn)Al6, which 
has a negligible potential difference relative to the Al matrix, is formed. In addition, 
manganese is passive over a wider pH range than aluminum. An enrichment of 
manganese on the aluminum surface will therefore contribute to passivity; both the 
oxidation and reduction reaction rates will decrease. 

Also alloying elements with certain solubility in aluminum, such as Cu, contribute to 
the corrosion behavior depending on whether these elements are more noble or 
active than aluminum. Cu, which is more noble then Al, will increase the rate of 
corrosion of the active aluminum matrix (selective dissolution). The surface will be 
enriched with the noble component, and will behave more according to the 
electrochemical properties of Cu [1]. Enrichment of the surface with Cu is known to 
increase the pitting resistance [2]. 

For alloying elements less noble than aluminum, only Mg is used commercially today 
[1]. Although Al can contain up to 15 % Mg in solid solution, aluminum-magnesium 
alloys usually contain between 1-5% Mg. This is due to the unwanted β-phase 
Mg5Al8. If the magnesium concentration is too high the β-particles will precipitate on 
the grain boundaries, which leads to brittleness and grain boundary corrosion due to 
different potential between the grain boundaries and the matrix [6]. However, in the 
right amounts, Mg does not only make the oxide less soluble in alkaline 
environments, it will corrode at a faster rate than aluminum, causing the surface to be 
purer in aluminum, which is more resistant to corrosion than an AlMg alloy. Dissolved 
Mg will act as a sacrificial anode for the aluminum surface. AlMg alloys are resistant 
to pitting corrosion in chloride environments [1]. These alloys are therefore used in 
marine environments, in such as masts, small boats and superstructures on ships.  



2.2 CORROSION PROTECTION 

8 
 

The AlMg alloy also normally contains other alloying elements. Silicon increases the 
corrosion resistance of the aluminum in alkaline environment, because the silicon 
particles resist both most acids and salts. Aluminum alloys containing silicon is 
therefore commonly used in marine environments [4]. Si containing particles will be 
cathodic to the matrix.  

What kind of compounds the alloying elements form depends on the amount of the 
different alloying elements and working procedure. In this thesis, three different 
aluminum alloys are investigated; AA5082 (ISO designation AlMg5), AA1050 (ISO 
designation Al99.5) and Al99.99 [7]. For the thermally sprayed aluminum AlMg5 is 
used. According to Mondolfo [4] the following intermetallic  compounds are possible 
in AA5082 with the composition described in Table 3.1: Mg5Al8, Mg2Si, FeAl3, 
(FeCr)Al7, (FeMn)Al6. Particles containing Fe and Si will be cathodic to the aluminum 
matrix, while particles containing Mg will be anodic.  

 

2.2 Corrosion protection 

2.2.1 Cathodic protection 
There are several ways to protect a metal from corroding. Applying a coating is one 
method, anodic and cathodic protections are other common methods used in 
seawater or other electrolytes.  

To protect a metal cathodic or anodic, there are two methods; sacrificial anodes and 
impressed current cathodic protection (ICCP). When protecting a metal with 
sacrificial anodes, the two metals must be immersed in the same electrolyte and be 
electrically connected, hence forming an electrochemical circuit. The sacrificial anode 
will corrode as it is made from a metal with lower electrode potential than the metal 
being protected. As it corrodes it will supply electrons to the metal being protected, 
preventing an anode reaction at the metal. ICCP is obtained from a direct current 
source connected between an auxiliary anode and the metal to be protected. The 
current makes electrons flow to the metal, causing the metal to be cathodic, while the 
auxiliary anode corrodes.  

While cathodic protection is lowering the potential to the immune area of the 
Pourbaix diagram, anodic protection means increasing the potential of the metal to 
the passive area. The protection potential for steel, i.e. the potential at which the 
steel is in the immune area, is -800mV vs Ag/AgCl [8]. Aluminum does not have a 
specified protection potential, instead, protection is achieved by maintaining the 
passivity of the surface. Hence, the protection can be considered anodic rather than 
cathodic. The potential should be sufficiently more negative than the critical pitting 
potential at -0.85 V SCE [9].  
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2.2.2 Cathodic protection of aluminum 
Gundersen and Nisancioglu  described the mechanisms bound to cathodic protection 
of aluminum in seawater as following [10]:  

When submerging aluminum in seawater, oxygen reduction and hydrogen evolution 
occurs preferentially at the cathodic intermetallic particles, e.g. iron-rich particles. 
This creates an alkaline diffusion layer around the particles, as schetced in Figure 
2.3a). Applying a cathodic potential accelerates the alkalinization process, as 
described earlier. This alkaline environment will break the protective oxide on the 
matrix around the particle, making the matrix unprotected. As a result, the matrix 
corrodes, exposing an increased area of the particle, Figure 2.3b). 

In contact with the alkaline solution, the iron-rich particles leach out their more active 
aluminum component, resulting in iron enrichment on the particle, catalyzing the 
cathodic reaction. This, in turn, increases the alkalinity of the adjacent diffusion layer 
and the rate of anodic process on the adjoining matrix. Eventually, corrosion of the 
matrix around the particle may cause detachment of the particle from the matrix, but 
without exposing fresh particles from underneath. The crevice around the particle 
becomes filled with corrosion products, Al(OH)3 and possible calcareous deposits, 
electrically isolating the particle from the metal matrix, as shown in Figure 2.3c). As a 
result, both the cathodic and anodic processes abate, and alkalinity of the site drops, 
favoring the formation of a protective oxide layer on the matrix surface adjacent to 
the detached particle [10].  

The resulting current-time curve for this mechanism is schematically represented in 
Figure 2.4. The current density is increasing at the beginning of the exposure due to 
the dissolution of the protective oxide film and resulting corrosion of the matrix 
around the intermetallic particles. After reaching a maximum value, the current 
decreases exponentially, as a result of passivation of the cathodic sites [10]. 

 

 

 

Figure 2.3: Schematic description of the mechanism of cathodic protection of aluminum alloys 
in seawater. (a) development of alkaline diffusion layer, (b) crevising of the matrix around the 

particle, (c) repassivation of the surface after detachment of particle. [10]. 
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Figure 2.4: Schematic potentiostatic polarization curve for an aluminum alloy during cathodic 
protection [10]. 

 

Steel has almost 10 times higher current demand than aluminum and aluminum 
alloys [11]. In addition to aluminum’s stable oxide, the main reason is, as described 
over, that corrosion of aluminum is primarily dependent on the properties of the 
intermetallic particles, whereas corrosion of steel is dependent on the properties of 
the matrix. The small area of the intermetallic particles, i.e. the cathodic sites, on the 
aluminum, together with the isolation of the cathodic sites over time, leads to a very 
low cathodic current demand compared to steel. In the case of steel, the entire 
surface will be a cathodic site. As the number, or more correctly; the size, of cathodic 
sites decreases on the Al surface, so does the current demand. Eventually the whole 
aluminum surface is covered by a stable oxide. 

 

2.2.3 Thermally sprayed coating – application and function 
To protect metals against corrosive environment coatings can be applied. Both 
organic and metallic coatings are being used, having different properties and range 
of use. Common for the two groups are that they isolate the metal from the corrosive 
media. The main difference is that metallic coatings are conductive, while the organic 
coatings are not. 

Thermally sprayed coatings provide a functional surface to protect or modify the 
behavior of a substrate material [12]. There are several different methods for 
spraying, all based on the same principal. Coating material, wire or powder, is fed 
into the spraying gun, heated to molten or semi molten condition and accelerated by 
gas or air towards the component being protected. The metal hits the component like 
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splats and cools down. The bonding mechanism is primarily mechanical, and in some 
cases metallurgical. Each layer bonds to the previous, making a lamellar structure, 
unfortunately with some occurrence of inclusions, oxides and pores. The process 
used on the TSA specimen in this thesis, is the arc spraying process. Two metal 
wires meet in an atomizing gas and the electric potential difference causes the wire 
to atomize or melt and be deposited on the part. The adhesion strength is 6 000 - 
8 000 psi and the coating contains 3 – 8 % porosity [13]. 

The advantages of thermally sprayed coatings are that they are easy to apply, 
inexpensive to operate, and for some of the methods, e.g. the wire arc process, the 
equipment is transportable and the spraying can be performed on site. The lifetime of 
thermal sprayed aluminum is superior to the organic coatings, with a predicted 
lifetime of over 30 years in the splash zone with a 200 µm TSA coating applied 
according to today’s standards [14]. 

Thermally sprayed coatings have several areas of application; wear resistance, 
salvage and repairing and corrosion resistance. For corrosion control, the coatings 
fall into three groups: anodic, cathodic and neutral coatings. General for all of the 
coatings is that they hinder corrosive environment to the surface of the substrate to 
be protected. The anodic coating, where the coating is anodic relative to the 
component, functions as a sacrificial anode in case of a damage or leak in the 
coating.  They are nearly solely made of zinc and aluminum. Aluminum has been 
found to be the most effective metal for protection of steel in offshore structures [12]. 
Cathodic coatings, such as coatings made from stainless steel or nickel alloys, are 
cathodic to the substrate. They give excellent corrosion protection, but will in case of 
damage be protected by the component, dramatically accelerating the corrosion on 
the component being protected. In the case of cathodic coatings, it is important to 
have a dense, thicker coating, preferably sealed. 

Neutral coatings provide excellent corrosion resistance to most corrosive 
environments by acting as a hinder for the corrosive media. It will not accelerate nor 
decelerate the corrosion of the substrate in case of damage of the coating. Corrosion 
at the substrate-coating interface should be avoided to prevent coating separation. 
Thick, dense coatings are also important for neutral coatings. Examples of material 
used in neutral coatings are alumina and chromium oxide ceramics [12]. 

 

2.2.4 Sealing of TSA 
According to NORSOK standard M-501 metal coatings shall be sealed or overcoated 
as specified. The sealer shall fill the metal pores and be applied until absorption is 
complete. There should not be a measurable overlay of sealer on the metallic coating 
after application [15]. 

Sealing of the coating is important to ensure that the coating is dense and that the 
component being protected is separated from the corrosive media. The purpose of a 
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sealant is to penetrate the coating and fill the pores, whereas the purpose of a 
painting, to comparison, is to be an overlaying protective coating. The sealant should 
be of low viscosity to penetrate into the pores and seal them of, without necessarily 
adding thickness to the protective system. The sealer should be sprayed on the 
aluminum coating as soon as possible to smooth the surface texture and hinder 
contamination [16]. An unsealed coating will also be sealed to some extent with 
corrosion products filling the pores, but this process may take some time.  

It has been showed that sealing of TSA lowers the free corrosion rate, typically 30-
50% lower than unsealed specimens after 11 months exposure at free corrosion 
potential or lower. Whereas at higher potentials the sealer has almost no effect in 
reducing the corrosion of the coating [17]. 

The use of TSA on the tethers and risers on the Hutton tension leg platform (TLP) 
has been studied by Fischer et al [14]. Both the tethers and risers had a flame 
sprayed Al99.5 coating applied. The vinyl sealer used on the coating of the tethers 
showed blistering after 4 years in operation, whereas no blisters where found on the 
risers which had a silicon sealer applied over the coating. Despite the blisters, the 
TSA coating was in excellent condition with no measurable reduction in coating 
thickness or evidence of corrosion damage to the substrate [14]. 

 

2.2.5 TSA in combination with cathodic protection 
Even though TSA gives an excellent corrosion protection in itself, the aim of this 
thesis is to find out how it combines with cathodic protection as there are occasions 
were the TSA surface is electrically connected to parts of a structure which is being 
cathodically protected, hence influencing the TSA as well. 

Gartland and Eggen have performed several experiments regarding this subject [16-
18]. Gartland suggested in [16] that the protection potential for all TSA alloys should 
be -900 mV vs Ag/AgCl at ambient temperatures and then lowered 1 mV for each 
degree above 10 °C. The design current density for a 100% Al-coating, sealed, was 
set to 11 mA/m2 at temperatures between 5-15 °C and 17 mA/m2 at 40 °C [16]. This 
is a quite conservative assumption, as Gartland and Eggen had found that the 
current demand for sealed specimens polarized down to around -900mV vs Ag/AgCl 
was less than 1 mA/m2 [17]. However, current density requirements for steel at 
damages must be taken into consideration in the total CP design. A reasonable 
assumption is that the coating failure of TSA should not be any larger than for 
organic coating, which is estimated to 1 %. In addition, TSA is much more robust 
than organic coating, which resulted in an estimated coating failure at 10% at the end 
of the lifetime for TSA [16]. The current demands for Al and AlZn coatings, sealed 
and unsealed, over an exposure time of 16 months and around 8 °C are shown in 
Figure 2.5. The figure shows that arc sprayed AlMg coating has a current demand at 
around 30 mA/m2 after 1 month and less than 10 mA/m2 after 16 months. The sealed 
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arc sprayed AlMg coating has a current demand around 1 mA/m2 after one month 
and during the rest of the test period. Steel has, for comparison, a current demand 
around 30mA/m2 after 16 months [17]. 

Fischer et al studied the influence of temperature on the current demand for TSA 
polarized to -1100 mV vs Ag/AgCl at 70-100 °C. After a month the current density 
had a mean value of 70 mA/m2 and after a year the value had decreased to 30 
mA/m2 [14]. 

In addition to reducing the cathodic current demand, sealing of TSA-coatings will also 
reduce the current output under anodic polarization. While to the current output for an 
unsealed specimen is 500 mA/m2, a sealed specimen has a current output between 
30-200 mA/m2. However, the current output for the sealed specimens is sufficient to 
achieve polarization of bare steel in a damage or holiday area and at the same time 
lowering the coating consumption of the TSA-coating, leading to an increase in the 
service life of the structure [16]. 
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(a)

 
(b) 

Figure 2.5: Cathodic current density of arc and flame sprayed Al coating, arc sprayed AlMg and 
steel (a) and  flame sprayed ZnAl and arc and flame sprayed Al with sealer (b).  

All polarized to -1030 mV vs Ag/AgCl at a temperature around 8 °C [17]. 

  



2 THEORY 

15 
 

2.3 Calcareous deposit formed during cathodic protection 

2.3.1 Formation of calcareous deposit 
In natural seawater the carbon dioxide system is given by equations (2.6) -(2.8) [11]. 

2 2 2 3CO H O H CO+ →  (2.6) 
2 3 3H CO H HCO+ −→ +  (2.7) 

2
3 3HCO H CO− + −→ +  (2.8) 

 

An increase in OH-, as a result of cathodic protection, leads to a shift in the HCO /CO  ratio, increasing the formation of CO , as can be seen from equation (2.9) [11, 
19].   

2
3 2 3OH HCO H O CO− − −+ → +  (2.9) 

 

The increase in OH- can be due to cathodic protection, either from oxygen reduction, 
equation (2.10), or hydrogen evolution, equation (2.11) [11]. 

2 22 4 4O H O e OH− −+ + →  (2.10) 
2 22 2 2H O e H OH− −+ → +  (2.11) 

 

When calcium and magnesium are supersaturated in seawater, they form calcium 
carbonate, CaCO3, magnesium carbonate, MgCO3 and Mg(OH)2, as seen in 
equation (2.12), (2.13) and (2.14) respectively. Studies have found that Mg+ is 
primarily found as Mg(OH)2, with some MgCO3 [11].  

2 2
3 3 ( )Ca CO CaCO s+ −+ →  (2.12) 

2 2
3 3 ( )Mg CO MgCO s+ −+ →  (2.13) 

2
22 ( ) ( )Mg OH Mg OH s+ −+ →  (2.14) 

 

The solid products in equations (2.12)-(2.14) are known as calcareous deposits and 
they promote a physical barrier against oxygen diffusion, hence, decreasing the 
corrosion rate [20]. The different forms of calcareous deposits have different structure 
and form under different parameters, as will be reviewed in the following. 
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2.3.2 Microstructure of calcareous deposits 
CaCO3 mainly exists in two forms; calcite and aragonite [19]. Calcite has a 
rhombohedral shape with a certain space between each crystal, while aragonite 
spreads out like a flower and cover more of the surface, as seen in Figure 2.6 [20]. 
The structure makes the aragonite more protective to the substrate material. A study 
by Möller [20] showed that a steel surface covered with calcite would corrode 
between the rhombohedras. For the aragonite the area of exposed steel was 
negligible. Mg(OH)2, forms aggregates of platelets, a very thin film which is difficult to 
detect [21]. The Mg rich deposit is sometimes refered to as brucite. The formation of 
a thin film of Mg(OH)2 was confirmed by Deslouis et al who studied the formation of 
Mg(OH)2 in the absence of CaCO3 in artificial seawater and found that the structure 
of Mg(OH)2 is a thin film in the range of micrometers [22]. The film is not significantly 
protective by itself and has a lower electrically insulating capability than CaCO3 [23]. 
In addition, Mg2+ has an inhibiting effect on the nucleation and growth of calcite and 
the nucleation of aragonite [22]. Once aragonite is formed, Mg will not affect further 
growth. Consequently aragonite is the phase which is most likely to precipitate when 
magnesium ions are present [11]. CaCO3 will be found as particles in a thin layer of 
Mg(OH)2 [24]. 

During the introductory experiments, steel plates were exposed to seawater polarized 
to −1050 mV vs Ag/AgCl. The conditions were the same as will be described for the 
experiments done in connection to this thesis. Figure 2.7 shows particles with the 
typical calcite-structure with the rhombohedral shape, in addition to several small 
particles covering the surface as a blanket. The EDS-analysis showed that the 
Mg/Ca ratio was 0.7 for the large particles and 0.1 for the small particles. Over the 
whole area the Mg/Ca ratio was  0.2 [25].  

 

Figure 2.6: Calcareous deposit on steel surfaces formed during immersion for 21 days in an 
Mg2+ -free solution with the resulting calcite structure (left) and in an Mg2+-containing solution 
with the resulting aragonite structure (right) [20]. 
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Figure 2.7: Calcareous deposit formed on steel polarized to -1050 mV vs Ag/AgCl in natural 

seawater for 6 weeks [25]. 

 

A study by Möller on the influence of Mg2+ on the formation of calcareous deposit on 
a freely corroding low carbon steel in seawater, showed that in artificial seawater with 
added Mg, aragonite was the only form of CaCO3 found, while in a solution without 
Mg calcite was the only form [20]. This is confirmed by a number of scientists. 
Rousseau et al discovered that when the precipitation of Mg(OH)2 in the presence of 
natural sediments was hindered because of low pH, the only form of calcareous 
deposit found was calcite [26]. 

Ben Amor et al found that an increase of Mg2+ concentration caused deposition of 
deformed calcite form, which was transformed to aragonite at larger Mg2+ 
concentrations [27]. Deslouis et al studied calcareous deposit in the absence of 
respectively CaCO3 and Mg(OH)2. They found that in the absence of Mg2+, calcium 
carbonate deposition was observed in well define shapes of both calcite and 
aragonite. While in the absence of Ca2+, Mg(OH)2 precipitated under a rather 
amorphous form with a porous layer behavior [22]. This Mg containing layer could 
form even at potential values where Mg(OH)2 normally can no deposit [22]. Barchiche 
et al found that the effect of Mg2+ was to inhibit both calcite and aragonite deposition 
and favor the formation of another compound, an unstable porous layer which may 
be the precursor of the brucite Mg(OH)2 layer that forms at more cathodic potentials 
[28].  

Figure 2.8 shows the influence of Mg2+ concentration on the forming of calcareous 
deposit [21]. The reference concentration is [Mg2+]ref=5.5*10-2 mol/L. The trend is 
clear; the higher Mg2+ concentration, the longer the deposition time. As the potential 
for this experiment was -0.9 V SCE, the potential was too low to form Mg(OH)2. That  
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Figure 2.8: Influence of Mg2+ concentration on steel in artificial seawater at -0.9 V SCE. 

 

indicates that it is not the Mg(OH)2 that is preventing the formation of CaCO3, it is 
rather the Mg2+ ions. 

 

2.3.3 Factors influencing the formation of calcareous deposit  
Several factors influence the formation of calcareous deposit; e.g. potential, current, 
pH, temperature, pressure, sea water chemistry, flow and time. Many studies have 
been performed with the purpose of clarifying the different factors and their 
interrelating properties. However, the results are varying and sometimes 
contradictory, as the experiments are not performed under the exact same 
conditions. Still, a short overview of the most important factors is found in the 
following.  

Solubility of ions 
The saturation of calcium and magnesium ions is an important premise for the 
precipitation of calcareous deposit. The solubility of these ions in seawater is 
influenced by depth, dissolved oxygen, temperature, salinity, pH, flow rate and 
pressure, and these parameters are again interrelated [3]. 

The solubility product for CaCO3 is given in equation (2.15), while the solubility grade, 
Ω, is given in equation (2.16). The solubility in a given area can be calculated based 
on measurements of temperature, pressure, salinity and pH [29]. [Ca ] and [CO ] 
are the measured calcium and carbonate concentrations in seawater. 
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2 2
3spK Ca CO+ −   =      (2.15) 

2 2
3

sp

Ca CO

K

+ −      Ω =  (2.16) 
 

The solution is saturated and calcareous deposit will precipitate if Ω > 1, but even if Ω 
< 1 calcareous deposit can precipitate if the production of carbonate is high enough 
to compensate for the dissolution.  

Seawater is generally saturated with CaCO3. The solubility product, Ksp, for calcite at 
25°C and 3.5% salinity is 3.6*10-9, while for aragonite it is 6,7*107 [11]. Hence, calcite 
will precipitate before aragonite. Studies has shown that precipitated calcite can be 
stable, i.e. it will not dissolve, down to Ω= 0.6 [29]. The solubility of Mg(OH)2 is 
4.5*10-10 and seawater is generally unsaturated with Mg(OH)2. 

 

Potential/current 
When polarizing an electrode to a specified cathodic potential in aerated water, as is 
the case in cathodic protection, the current density will decrease with exposure time 
as the oxygen concentration polarization is invariably accompanying the polarization. 
The precipitation of calcareous deposit accompanies this polarization which, in turn, 
increases the extent of oxygen concentration polarization [11].  

There is uncertainty concerning whether it is the current density or the potential that 
is the leading factor in determining the properties of calcareous deposit, as they are 
interrelated. Lowering the potential leads to an increase in current density and 
contrary. However, what is known, is that up to an optimal value, lowering the 
potential (or increasing the current density) will increase the concentration of 
Mg(OH)2 relative to that of CaCO3 [23]. Studies done by Barchiche et al showed that 
at 20 °C aragonite was formed between -0.9 and -1.1 V SCE, brucite and aragonite 
were formed at -1.2 V SCE  and only brucite was formed at potentials lower than -1.3 
V SCE [28]. Figure 2.9 shows the chronoamperometric curves at different potentials 
for steel in artificial seawater at 600 rpm [28]. The curves show two particular shapes, 
with a transition at -1.2 V SCE. The curves corresponding to the highest potentials 
has a steep slope in the beginning and is a typical curves of CaCO3 deposition, while 
the curves at lower potentials starts with a plateau, and is typical curves of Mg(OH)2 
deposition. The difference of the potentiostatic curves for the two deposits shows, for 
one, that the protective properties are better at high potentials due CaCO3 deposition, 
and, secondly, Mg(OH)2 needs more negative potential than CaCO3 to deposit.   

Figure 2.10 shows the potentiostatic polarization curve for a steel specimen exposed 
to natural seawater polarized to -1050mV vs Ag/AgCl [25]. The curve has a steep 
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decrease in the beginning, indicating the formation of calcite. This was confirmed by 
the SEM image in Figure 2.7.  

 

Figure 2.9: The effect of different potentials on the deposition of CaCO3/Mg(OH)2 [28]. The steep 
current curves represents CaCO3 deposition, while Mg(OH)2 deposition is represented by an 
initial stage before the decreasing in current. -1.2 V SCE seems to be the transition potential. 

 

 

 

  

Figure 2.10: Potentiostatic polarization curve for a steel specimens in natural seawater 
polarized to -1050 mV vs Ag/AgCl [25]. 

0

400

800

1200

1600

2000

0 5 10 15 20 25 30 35 40 45

Cu
rr

en
t d

en
sit

y 
[m

A/
m

^2
]

Time [days]



2 THEORY 

21 
 

 

Lowering the potential to a value where hydrogen evolution is the cathodic reaction 
affects the formation of a calcareous deposit. Barchiche et al found that formation of 
H2 bubbles hinders the growth of aragonite crystals, as the bubbles induces cracks in 
the deposits and detachment of small fragments [30].  This was also investigated by 
Salvago et al [31]. During oxygen reduction, the deposit formed must be permeable 
to the ionic phase OH- on the electrode surface, while during hydrogen evolution, the 
deposit must be permeable to the gas phase, H2. In addition bubbles of hydrogen gas 
may mechanically hinder the formation of a protective deposit. Salvago et al found in 
their study that in the case of aluminum and its alloys, a consistent calcareous 
deposit could be observed after potentiodynamic tests performed at high current 
density and strong gas evolution. This was not the case for the other materials 
investigated, including steel. The hydrogen bubbles on the aluminum surface were 
macroscopically evident at potential lower than -1250 m V vs Ag/AgCl. At potentials 
below -2000 mV vs Ag/AgCl, the bubbles disappeared despite high current density 
[31]. 

 

pH 
pH in seawater is between 7.5 and 8.3 [11]. However, pH is a function of the 
impressed cathodic current. According to equations (2.10) and (2.11) there will be an 
increase in pH for the electrolyte adjacent to the metal surface due to the production 
of hydroxyl ions [11]. Figure 2.11 is a schematic outline of how the pH immediate to 
the metal-electrolyte interface is determined by the rate of hydroxyl ion production 
and by removal due to diffusion, convection or both [11].  

The increased pH immediate to the cathode surface due to cathodic protection is 
shown in several experiments and calculations, summarized by Hartt et al in [11]. 
Engell and Forchhammer found that pH on the surface of a cathodic protected steel 
plate in seawater was 10.9. Kobayashi found pH in the bulk solution to be 8.0, while it 
was 11.5 near the surface of the metal protected in artificial seawater. Salvago et al 
reported pH 10.76 at the cathode surface in artificial seawater, while the increase in 
pH at a cathode surface in natural seawater was smaller [31]. Deslouis et al 
calculated that for a potential of 0.5 V SCE the interfacial pH is close to 9.3, while at -
1.0 V SCE the pH is 9.6 [32]. 

At increasing pH the growth and precipitation rates of CaCO3 will increase [29]. 
CaCO3 is thermodynamically stable in surface sea water, i.e. it is supersaturated in 
the ambient pH range. Mg(OH)2, which is unsaturated in seawater, needs a pH 
higher than approximately 9.5 to precipitate [11]. Hence, an increase in pH by e.g. 
cathodic protection, is necessary for Mg(OH)2 to form. Deslouis et al confirmed this in 
their study by finding that the critical value for Mg(OH)2 to form was 9.3 [22].  
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Figure 2.11: pH as a function of distance from electrode [11]. 

 

Temperature and pressure  
The temperature in seawater affects both the pH and solubility of Mg and Ca. It 
decreases with depth and by 900 m depth in the Gulf of Mexico the temperature is 
5°C [33]. The solubility of CaCO3 increases with decreasing temperature, while the 
solubility of Mg decreases. That explains why it often is found higher Mg content at 
low temperatures [34]. In addition, pH increases at lower temperatures, hence 
favoring the precipitation of Mg(OH)2.  

This is confirmed in studies by Fischer et al, were calcite was the dominant mineral in 
seawater at 5°C and pH > 7, while aragonite was the dominant mineral at increasing 
temperature. In deep water, i.e. at low temperatures, magnesium calcite was the 
dominant mineral formed [29]. 

Stangeland reported in her master thesis that the Mg/Ca ratio for particles found on 
steel specimen polarized to -1 000 mV SCE at temperature between 0.3 and 0.8 °C 
was 1 and 0.6 [23]. 

Experiments done by Barchiche et al showed how temperature influences the 
formation of calcareous deposit. Figure 2.12 shows the current for specimens 
polarized to −1,0 V SCE (a) and -1.2 V SCE (b) at a rotation speed of 600 rpm in 
artificial seawater. At -1,0 V SCE only aragonite was formed. The current is halved 
after 7.5 hours at 30 °C, 15 hours at 20 °C and after 41 hours at 10 °C [30]. This 
indicates that the time for calcareous deposit to form, or rather a protective form of 
calcareous deposit, is much slower at 10 °C than both 20 °C and 30°C. 
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However, the same experiment performed with E= -1,2 V SCE, where the interfacial 
pH mainly controls the deposition, showed no apparent influence by the temperature, 
as shown in Figure 2.12b). In this case brucite Mg(OH)2 and aragonite was formed, 
with increasing portion of brucite with increasing temperature. The increase of 
Mg(OH)2 deposit at higher T is in contrast to the fact that the solubility of Mg(OH)2 
increases with increasing temperature. This was explained by the high interfacial pH 
due to the low potential, which facilitates formation of both Mg(OH)2 and aragonite, 
so that the solubility of the compounds has a negligible effect. Since the formation of 
brucite depends closely on the interfacial pH, an increase in temperature, favoring 
water reduction, would favor the formation of Mg(OH)2 [30]. 

Thermodynamic calculations by Fischer et al [29] showed that the effect of 
hydrostatic pressure has a major influence on the solubility of calcite. At 5 °C and 
100 atm, corresponding to 1 000 m depth, the solubility of calcite will increase by 
16% compared to at 1 atm, and at 1 000 atm, i.e. 10 000 m depth, the solubility will 
increase by nearly 500%. It is obvious from the calculations that calcite is 
unsaturated at large depths. However, the CaCO3 saturation is not constant over an 
entire ocean area, but will depend upon local conditions of currents, temperature, 
and biochemical processes [29].  

Fischer et al found in their study that calcareous deposits formed in deep water will 
be stable at depths down to at least 3000 m (or to where the degree of calcite 
saturation is 0.6 or higher). This makes the calcareous deposits stable in the North 
Sea at 65° and the Gulf of Mexico, where the saturation is 0.6 or higher [29]. 

 

 

 

 
(a)                                                                                       (b) 

Figure 2.12: Effect of temperature for specimens polarized to (a) -1000 mV SCE and (b) -1200 
mV SCE at a rotation speed of 600 rpm in artificial seawater [30].  
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Figure 2.13: Thickness of calcareous deposit film as a function of seawater velocity [11]. 

 

Flow rate 
The current requirement for a steel structure increases with increasing velocity. This 
is due to the increased availability of reactants near the surface as a consequence of 
a thinner diffusion layer and the increasing limiting current for oxygen reduction [23]. 
The increasing current demand would lead to increased pH. At the same time, it has 
been found that the thickness of the calcareous deposit is reduced with increasing 
velocity, with the trend shown in Figure 2.13 [11].  

 

Seawater chemistry 
Seawater chemistry is in most part about the dissolved oxygen and magnesium ion 
content. The Mg/Ca ratio is stable in seawater reported to be 5.2 mol/mol or [35]. The 
Mg/Ca ratio has generally been related to the protective properties of the calcareous 
deposit. In addition to the inhibiting effect Mg2+ ions have on the formation and 
growth of calcite and aragonite, other ions present in seawater also contribute. The 
growth rate of both calcite and aragonite is inhibited by the presence of phosphate, 
sulphate and by organic constituents. Aragonite is inhibited by the PO  ion, while 
calcite is inhibited by both PO  and HPO   ions [29]. Also sulphate ions, which is the 
main anionic species in seawater after Cl- ions, influences the deposition [30]. 
Barchiche et al found that the presence of SO  anions proved to hinder the 
deposition of CaCO3. This was proven by the fact that in a solution of artificial 
seawater with SO  only less than half of the electrode surface was covered with 
calcareous deposit, whereas without the SO  anions, the surface was totally covered 
[30]. 

The presence of clay in seawater must also be considered. Deslouis et al found that 
the montmorillonite particles, which are the most widely used material for 
fundamental studies, significantly delayed the onset of calcareous deposition. Once 
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the deposition started, however, the kinetics of deposition is unchanged relative to 
the situation without clay particles [36]. 

 

2.4 Methods used to characterize calcareous deposits 
To investigate the calcareous deposit, several methods can be used. During the 
exposure, potentiostatic and potentiodynamic polarization can be performed. 
Potentiostatic polarization is applying a constant potential, while measuring the 
corresponding current as a function of time. During potentiodynamic polarization, the 
potential is changed in steps of a certain size in with a certain holding time, while 
measuring the corresponding current. The results from the polarization give 
information about the precipitation of calcareous deposit and how protective the 
deposit is. In addition, the potentiodynamic polarization curves gives information 
about what kind of reduction reactions that are happening on the surface.  

A Scanning Electron Microscope, SEM, can be used to investigate the surface of the 
specimens. The microscope gives information about topography and crystallography. 
In addition, chemical composition can be found using EDS, Energy-dispersive X-ray 
Spectroscopy. The EDS detector, made of SiLi, can analyze the whole spectra at the 
same time and detects more photons than e.g. the wavelength dispersive 
spectrometer, WDS, even at low beam currents. EDS is suitable of identifying 
elements at concentrations higher than 0.5-1% [37].  
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3 Experimental work 

3.1 Test specimens 
Experiments were performed on 5 different materials, with 7 different situations in all. 
 
1. Steel with thermally sprayed aluminum 
The specimens were made out of a steel plate sprayed with thermally sprayed 
aluminum. Wire arc spraying was the method being used and the coating was 100 – 
200 µm thick. The alloy was AlMg5, with 95% Al and 5 % Mg. After the coating was 
applied, the plate was cut in pieces of 35 x 60 mm. The work was performed at 
Scana Offshore Vestby AS. Next, the back and sides of the specimens were painted 
with an organic coating, Carbomastic 18 FC, to avoid exposure of the bare steel. 10.  
 
2. Steel with thermally sprayed aluminum – sealed 
Since appliance of sealant on TSA is recommended practice for applications 
submerged in seawater, a silicon sealer was applied on two of the TSA specimens. 
This was in order to compare the two cases, sealed and unsealed TSA. As 
mentioned above, the rest of the TSA samples were not applied sealant. This was in 
order to hasten the reactions on the surface. The organic sealant will gradually 
degrade, resulting in the same reactions than without sealant after some time (in the 
order of years).  
 
3. Long term exposure of TSA specimens 
To study the long term effect of exposure to cathodic protection in seawater, 
introductory experiments still submerged in seawater when the present experiments 
began were investigated. The specimens were prepared similar to the specimens 
described above and polarized to the same potential as the new experiments. The 
specimens had been submerged for 4 months when taken out of the tub. 
 
4. Aluminum plate of alloy AA5082 
This alloy is also known as an AlMg5 alloy, i.e., it contains up to 5% magnesium. For 
the rest of the composition, see Table 3.1. This alloy is close to the alloy used for the 
TSA specimen. For these specimens it will be easier to locate the intermetallic 
particles, as the surface is smooth compared to the TSA surface. The extruded plate 
was cut in pieces of 35x60 mm and submerged in as-received condition.  
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Table 3.1: Composition of the alloy AA5082 and the impurity limits for AA1050. 

 

5. Aluminum plate of alloy AA1050 
Earlier work on TSA specimens showed that the calcareous deposit mainly consisted 
of Mg(OH)2 [25]. To see whether the magnesium comes from the seawater or the 
alloy, plates of an alloy without magnesium will also be submerged. Aluminum alloy 
AA1050, which contains up to 99.5% aluminum with maximum 0.05% Mg, was 
therefore chosen. The impurity limits for the alloy are found in Table 3.1. Alloys 
containing 0.1 to 1% impurities are generally known as commercially pure aluminum 
and the impurities mainly consist of iron and silicon as insoluble particles. Al99.5 
alloys are also commonly used alloy for TSA.  

The extruded plate was cut in pieces of 35x60 mm and submerged in as-received 
condition.  
 
6. Aluminum plate with 99.99% aluminum.  
To verify the theory of the intermetallic particles acting as cathodic sites were the 
calcareous deposit precipitates pure aluminum plates with 99.99% aluminum were 
also investigated. This refined aluminum is produced by electro-refining the 
commercially pure metal in the three layer cell and should contain a minimum of 
intermetallic particles [4]. 

The extruded plate was cut in pieces of 35x60 mm and submerged in as-received 
condition. 
 
7. Potentiodynamic polarization of TSA specimens 
During the exposure to seawater potentiodynamic polarization curves were recorded 
almost weekly on four specimens with thermally sprayed aluminum, two with sealer 
and two without. The potential at start was -1050mV vs Ag/AgCl and then changed in 
steps at 25 mV in the positive direction with a dwell time of 5 minutes. The recording 
ended when the current density drew near the corrosion current, icorr, correspondingly 
around -900 mV vs Ag/AgCl. Afterwards, the potential was set back to -1050 mV vs 
Ag/AgCl again. 
 

In order to electrically connect the specimens to the potensiostat an electric wire was 
fasten to the specimens. This was done by fastening the electric wire to a fastener 
with a hole, drilling a hole on the upper part of the specimen and threading and  

Mg Si Fe Cu Mn Cr Zn Ti 

AA5082 4.0- 0.2 0.35 0.15 0.15 0.15 0.25 0.06-0.20 

AA1050 0.05 0.25 0.4 0.05 0.05 - 0.05 0.03 
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Figure 3.1: Fastening of electrical wire to the specimen. The rivet goes through the two holes, 
as marked by the black line.  

 

tightening a rivet through the two holes, as shown in Figure 3.1. The electrical 
conductivity was tested using a multimeter.  

Before exposure the specimens were degreased in acetone and rinsed in ethanol.  

 

3.2 Exposure to seawater with cathodic protection 
The experiments were performed at SEALAB Brattøra in Trondheim. The specimens 
described above were exposed to natural seawater, taken from 80 m deep in the 
Trondheimsfjord. The water, with a temperature at 8-12 °C, was filtered before 
entering the tub where the specimens were mounted. The circulation of the seawater 
was so slow, that the conditions in the tub can be described as nearly stagnant. The 
specimens were exposed for 6 weeks.  

Due to practical reasons, the specimens were divided in two tubs; the aluminum 
plates and the sealed TSA samples were placed in one tub, while the unsealed TSA 
specimens and the specimens used for potentiodynamic polarization curves were 
placed in the other. The experimental parameters in the two tubs were in principle the 
same.  

The specimens were coupled to a potensiostat and polarized down to -1050mV vs 
Ag/AgCl. A resistance of 10 ohms was connected between the working electrodes 
(the specimens) and the platinum counter electrodes. The current was calculated by 
measuring the potential drop over the resistance and applying Ohm’s law. Se Figure 
3.2 for the setup. The current consumption and potential was recorded by the 
computer program KorrosjonsLogger Versjon 1.1©. It was possible to follow the 
current development in situ during the whole period.  
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Figure 3.2: Experimental setup for the test specimen. 

 

3.3 Examination of the specimens 
After 6 weeks exposure the specimens were taken out of the tub and rinsed in water 
and acetone. Subsequently they were examined visually in the LVFESEM (Low 
vacuum field emission scanning electron microscope) Zeiss Supra 55VP and the 
FESEM (field emission scanning electron microscope) Zeiss Ultra, 55 Limited Edition. 
The use of two different SEM was due to a malfunction of one of them during a 
period. The composition on the surface was determined using EDS (Energy 
Dispersive Spectroscopy). The SEM images were taken with varying magnification at 
10-15kV and a working distance of 10 mm.  

It was emphasized on studying the intermetallic particles, to find their composition 
and see whether the amount and composition of calcareous deposit to be found 
there, agrees with the theory. 

For the investigation of the TSA structure, the TSA surface was grinded using SiC 
paper from 320 grit to 2400 grit and then polished with Struers MDDac  plates with 
grain size from 3µm to 1 µm. 

To examine the cross sections, the specimens were cut using Struers Discotom-5 
with Struers High Quality Cut of Wheels number 50A25 for the TSA specimens and 
20S25 for the aluminum plates. Afterwards the cross section was grinded and 
polished as described above.  
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4 Results 

4.1 Potentiostatic polarization curves 

4.1.1 TSA specimens –sealed and unsealed 
The potentiostatic polarization curves show the development of the current density 
needed to keep the potential of the specimens at -1050 mV vs Ag/AgCl over time. 
Figure 4.1 shows the current density for the TSA specimens, sealed and unsealed. 
The curve for the unsealed TSA (light blue) is the average of five specimens, while 
the curve for the sealed TSA specimen is the average of two specimens. In addition 
to the values from the present experiments, results from earlier work done by the 
author is also included [25]. All the curves which the average is based on, including 
the curves for AA5082 and AA1050, are found in Appendix A. 

As seen in Figure 4.1 the results for the TSA samples from the present experiments 
has clearly the highest current demand. After 38 days the current density is 80 
mA/m2, i.e., twice the value of the TSA from earlier work [25].  The difference in 
current density between the two curves for unsealed TSA specimens are, at the 
most, 60 mA/m2.  Still, the shape of the two curves is quite similar, with a steep slope 
the first 10 days of exposure before the current density increases slightly after 15 
days. After 30 days, the current density for the TSA specimens from the present 
experiments decreases, while the other unsealed TSA specimen has a quite stable 
current density.  

It should be reminded that the TSA samples from current and past experiments are 
prepared in the same way, has the same alloy composition and are polarized to the 
same potential. Still there is an important difference though; the temperature of the 
seawater. The temperature in the seawater was measured weekly. Two different tubs 
were used, but the water in both tubs came from the same place.  One of the tubs 
had a relatively constant temperature at 10-12 °C during the whole exposure -the 
same temperature as found in earlier work by the author. In the tub were the TSA 
samples and the samples for potentiodynamic polarization curves were exposed, 
however, the temperature was 17-18 °C, before decreasing to around 12 °C after 30 
days. This was unintended and could be due to a stop in the circulation of the water. 

Figure 4.2 shows the same curves as Figure 4.1, but only for the first day of 
exposure. The figure shows the initial increase of current density as described by 
Gundersen and Nisancioglu in Figure 2.3 [10] for the TSA specimen from the present 
experiment, but not for the TSA from earlier work or the sealed TSA. In the case of 
the TSA from earlier work it is uncertain whether the logging started in time. 
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Figure 4.1: Potentiostatic polarization curves for TSA specimens polarized to-1050 mV vs 

Ag/AgCl . The blue and green line are from current experiments, while the purple is from earlier 
work [25]. 

 

 

 
Figure 4.2: First day of exposure to cathodic protection in seawater for the same specimens as 

above. 
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4.1.2 Effect of sealer on the current demand 
As mentioned in the theory, TSA is normally not used in seawater without a sealer. 
The effect of sealer on the current demand is evident from figure 4.1. The current 
density for the sealed TSA sample after 38 days is 10mA/m2 -8 times lower than the 
unsealed specimens from the current experiments, or four times of the earlier work 
[25]. 

The duration of exposure was not long enough to see any degradation of the sealer.  

 

4.1.3 Long term exposure of TSA specimen 
Figure 4.3 shows the current density for the specimen that was exposed in natural 
seawater with cathodic protection for 4 months. As mentioned earlier, this specimen 
was submerged last fall, and taken out of the tub when the new experiments began. 
The current demand for the long term TSA follows the same behavior as the TSA 
specimens from Figure 4.1; it decreases fast during the first days, increases slightly 
again after 15 days and then decreases slowly. After 40 days, the current density 
was around 40 mA/m2, like the TSA specimen from earlier work. After 4 months the 
current density was 25 mA/m2.  

Between 60 and 120 days exposure there was a malfunction in the logging program. 
However, as the value of the current density is just a few mA lower at 120 days then 
at 60 days and looks quite stable, it is assumed that the current demand has been 
relatively stable during this period as well. 

 

 
Figure 4.3: Potentiostatic polarization curve for a TSA specimen exposed to seawater, 

polarized to -1050 mV vs Ag/AgCl, for 4 months. 
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4.1.4 Aluminum alloys 
Figure 4.4 shows the potentiostatic polarization curves for aluminum plates of alloys 
AA5082, AA1050 and Al99.99. After 30 days the current densities for the aluminum 
plates were 43 mA/m2, 21 mA/m2 and 7 mA/m2, respectively. The tendency for the 
aluminum alloys is that the more alloying elements, the higher current density.  

The curves representing the alloys AA5082 and AA1050 do not follow the same exponential 
decrease as the sketch in Figure 2.4, but still have the initial current peak. The initial peak for 

the specimen of AA5082 is difficult to see in Figure 4.4, but is visible in  
Figure 4.5  where only the first two days are shown. The peak for AA5082 is pointier, 
and takes place in the order of a couple of hours, while the peak for the alloy AA1050 
lasts for nearly a day (up and down).   

The current density curve for alloy Al99.99 does not have this initial increase in 
current density, but has a steep slope in the beginning, decreasing from 115 mA/m2 
to 20 mA/m2 in only 3 days. The curve actually has more similarity to the curve 
representing a steel specimen in Figure 2.10.  

 
Figure 4.4: Potentiostatic polarization curve for aluminum alloys AA5082, AA1050 and Al99.99. 

An initial peak in current density is visible for the alloy AA1050.

 
Figure 4.5: The first two days of exposure for the aluminum plates of alloy AA5082, AA1050 and 
Al99.99. At this magnification the peak at the beginning of the exposure is visible for the alloy 

AA5082. 
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Figure 4.6: Potentiodynamic polarization curves for four different specimens with thermally sprayed 
aluminum. The two on top without sealing and the bottom two are sealed samples. Notice that the scales are 

logarithmic.  

4.2 Potentiodynamic polarization curves  
Potentiodynamic polarization curves were recorded for TSA samples with and 
without sealer and the results are shown in Figure 4.6. As was the case for the 
potentiostatic polarization curves, the current density for the potentiodynamic 
polarization curves decreases with time and the current density for the sealed 
specimens are much lower than for the unsealed specimens. The last curves reach 
the corrosion current, icorr, at a lower potential than the curves corresponding to 
freshly exposed surfaces. 

These specimens were placed in the same tub as the TSA specimens, i.e. the 
temperature was 16-18°C.  
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4.3 SEM images and EDS analyses 

4.3.1 Surface characterization of thermally sprayed aluminum 
The surface of thermally sprayed aluminum, as showed in Figure 4.7 is rough and it 
is obvious that the metal has been “splashed” all over the surface. It is not possible to 
see any intermetallic particles on the surface.  

Figure 4.8 shows the TSA surface after polishing the surface, revealing the structure 
of the coating.  The need for a sealer seems obvious looking at the surface. There 
are several pores, the largest around 10-20 µm in diameter. However, as the coating 
consist of several layers over a thickness of 200 µm the pores do probably not go all 
the way through the substrate material. 

  



 4 RESULTS 

37 
 

 
Figure 4.7: Surface of a TSA specimen before exposure, taken with 250x magnification. 

 

 
Figure 4.8: Surface of TSA specimen after grinding and polishing, taken with 300x 

magnification. 
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4.3.2 EDS-analysis of the TSA surface  
Figure 4.9 shows an unexposed TSA specimen with the area being analyzed inside 
the yellow rectangle. The result is shown in Table 4.1 with the corresponding 
spectrum in Figure 4.10. The surface consists of 3.4 wt% Mg in addition to Al, C and 
O.  The magnesium content is perhaps the most interesting since, as it will be shown 
later, the Mg content increases after exposure to seawater and cathodic protection.   

Figure 4.11 shows the surface of a TSA specimen exposed in seawater with cathodic 
protection for 6 weeks. The surface looks rougher than before exposure. There are 
several bright spots which indicate substrates with poor conductive properties, i.e. 
corrosion products or calcareous deposit. Most of the bright spots are located on 
peaks of the surface. However, that may be due to the peaks being more exposed to 
the electron beam. Areas which before exposure were relatively smooth show cracks 
in the surface. 

The EDS analysis of the marked area shows that there are several types of elements 
on the surface, as shown in Figure 4.12 and Table 4.2. In addition to the elements 
found on the unexposed TSA surface, Ca, Si, Cl, Na, P and S are also present, all of 
which are naturally present in seawater. In addition to the new elements, the biggest 
difference from the unexposed specimen is the increase in Mg and O content. The 
Mg content is increased from 3.4 wt% to 9.3 wt%, while the oxygen content is 
increased from 16.9 wt% to 40.6 wt%. The calculated Mg/Ca mol ratio is 15.3. 
However, subtracting the Mg content initially found at the TSA surface gives an 
Mg/Ca ratio at 9.7. 

In Figure 4.13 and Figure 4.15 a smaller area is marked for EDS analysis. It seems 
like something has precipitated on the surface, as the surface looks rugged, although 
a typical structure is not seen. The two marked areas look quite alike, however, the 
EDS analysis shown in Table 4.3 and Figure 4.14 and Table 4. 4 and Figure 4.15 
respectively, show that the Mg/Ca ratios for the two areas are quite different. The 
area in Figure 4.13 has an Mg/Ca ratio at 5.4, while the area in Figure 4.15 has an 
Mg/Ca ratio at 22.1. Both values are adjusted for initial Mg content.  

Figure 4.17 shows the TSA surface after 4 months exposure to cathodic protection in 
seawater. According to the EDS analysis in Table 4.5, the Mg content is slightly 
higher than after 40 days, with 10.1 wt %. The Ca content is about the same, at 0.9 
wt%, giving an Mg/Ca ratio at 18.5, or 12.3 after adjusting for initial Mg content. 
However, the EDS analysis in Table 4.6 and Figure 4.20, of a smaller area shown in 
Figure 4.19 reveals a higher Mg content and a lower Ca content, resulting in an 
Mg/Ca ratio at 36.0 after adjusting for initial Mg content. Fe was not detected. 
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Figure 4.9: Surface of unexposed TSA. The EDS analysis is taken inside the rectangle. 

 

 
Figure 4.10: EDS-spectra for the unexposed TSA specimen in Figure 4.9. 

Table 4.1: EDS analysis of the unexposed TSA surface from Figure 4.9. 
 Element C O Mg Al 

[wt.%] 12.8 16.9 3.4 86.9 
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Figure 4.11: Surface of a TSA specimen after 6 weeks exposure to seawater with cathodic 

protection. The bright spots indicate calcareous deposits. 

 
Figure 4.12: EDS spectrum of the TSA surface shown in Figure 4.11. 

Table 4.2: EDS analysis of the TSA surface shown in Figure 4.11.  
Element Al Mg Si O Ca Na Cl P S 

[wt.%] 14.9 9.3 2.6 40.6 1.0 2.9 1.0 0.2 1.0 
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Figure 4.13: Image of a TSA surface after 6 weeks exposure, taken with 500x magnification. It 

seems like something has precipitated, although not with a familiar structure. 

 
Figure 4.14: EDS spectrum of the marked area in Figure 4.13. 

 
Table 4.3: EDS-analysis of marked area in Figure 4.13. 

Element C O S Mg Al S Cl Ca Fe 

[wt.%] 19.0 42.6 3.1 7.0 13.2 1.3 0.7 1.1 3.1 
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Figure 4.15: Image of a TSA surface exposed for 6 weeks, taken with 560 x magnification. It 

looks like something has precipitated at the area inside the yellow rectangle. 

 
Figure 4.16: EDS spectrum of the small area marked in Figure 4.15. 

 
Table 4. 4: EDS analysis of the small area marked in Figure 4.15. 

C O Na Mg Al Si P S Cl Ca Fe 

4.8 44.4 0.8 14.1 10.1 0.1 0.1 0.7 0.7 0.8 2.2 
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Figure 4.17: TSA surface after 4 months exposure. The white areas indicate calcareous deposit, 

although a familiar structure is not seen. 

 
Figure 4.18: EDS - spectrum of the TSA specimen exposed for 4 months from Figure 4.17. 

 

Table 4.5: EDS analysis of the TSA specimen exposed for 4 months from Figure 4.17. 

Element C O S Mg Al Si Ca 

[wt.%] 10.1 47.7 1.3 10.1 13.3 0.4 0.9 
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Figure 4.19: Small area of a TSA surface exposed for 4 months. The brightness indicates non-

conductive material, i.e. calcareous deposit. 

 
Figure 4.20: EDS spectrum of the area marked in Figure 4.19 of a TSA surface exposed for 4 

months. 

 

Table 4.6: EDS analysis the area marked in Figure 4.19 of a TSA surface exposed for 4 months. 
Elemen C O Na Mg Al Si P S Cl Ca 

wt% 12.0 52.8 2.0 14.3 12.1 0.5 0.3 1.0 0.3 0.5 
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4.3.3 TSA surface with sealer 
Figure 4.21 shows the sealed surface with 200 X magnification, after 6 weeks 
exposure to seawater. The surface is partly covered with particles and a film can 
vaguely be seen. EDS analyses of the whole area and at one particle were therefore 
performed. Figure 4.22  shows the EDS spectra for the area inside the red rectangle, 
(a), and the particle, (b), while Table 4.7 shows the corresponding values. The EDS 
analysis shows that the surface mostly consists of Al, Si, C and O. As the sealer is 
organic and Si based, the relatively high Si, O and C content is expected. The 
relatively low Al and Mg content indicate that the sealer has covered the surface.  

Somewhat the same values was detected at the particle, with slightly increase of Si 
and K, in addition to Fe. Although the specimen has been exposed to seawater for 6 
weeks, none of the salts found at the other specimens, e.g. Ca, P and S, were found 
on the sealed surface.  

It is not possible to see whether the sealer has penetrated through the surface, just 
by investigating the surface. Therefore, the surface was grinded and polished to see 
if sealer was found further down in the coating. Figure 4.23 shows the sealed TSA 
surface after grinding and polishing. The sealer does not seem to have filled the 
pores. The EDS analysis of the marked area in Figure 4.24 confirms that sealer is not 
present. Figure 4.25 and Table 4.8 shows that the main element on the polished 
surface is Al. Only 0.15 wt% Si detected. An Mg content of 0.95 wt% was lower than 
expected.  

 
Figure 4.21: TSA with sealer after exposure to seawater for 6 weeks, polarized to -1050 mV vs 

Ag/AgCl. 
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a) 

 
b) 

Figure 4.22: EDS spectra of the area (a) and particle (b) in Figure 4.21. 

 

Table 4.7: EDS-analysis of the area (a) and particle (b)  in Figure 4.21. 
Element Al C O Mg Si Fe K Na 

Area (a) 17.39 45.97 19.27 0.30 14.92 - 1.86 0.30 

Particle (b) 13.53 32.14 27.09 0.59 18.62 1.95 5.79 0.29 
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Figure 4.23: The sealed TSA surface after polishing. 

 

 
Figure 4.24: Polished sealed TSA surface with a marked area for EDS analysis. 
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Figure 4.25: EDS spectra of the marked area in Figure 4.24. 

  

Table 4.8: EDS analysis of the polished TSA surface in Figure 4.24  
Element Al C O Mg Si 

wt% 91.24 0.87 6.79 0.95 0.15 

 

4.3.4 Aluminum alloys 
Plates of different aluminum alloys were investigated before and after exposure to 
seawater. The emphasis was on the intermetallic particles which were analyzed with 
EDS. Figure 4.26 shows a cross section of the aluminum alloy AA5082 before 
exposure. This is a similar alloy to the TSA specimens. EDS analysis of the particles, 
Table 4.9 (EDS spectra not available), showed that they mainly consist of Fe and Mn, 
probably as (FeMn)Al6, but also as FeAl3. Hence, the particles will be cathodic to the 
matrix. The Mg content found on the particles was between 0.9 and 3.7 wt%, with an 
average of 1.65 wt%. The matrix has an average Mg content at 4.0 before exposure, 
as shown in Figure 4.27 and Table 4.10. 

After 6 weeks exposure to cathodic protection in seawater the particles look like they 
have been dug out of the matrix, as shown in Figure 4.28 and Figure 4.29. There are 
visible pits in the interface between the particle and the matrix, and in Figure 4.29 
one of the particles has fallen out.  

The EDS analysis of the points on the AA5082 specimen marked in Figure 4.28 is 
shown in Table 4.11 (EDS spectra not available) and shows an Mg content between 
5.2  and 9.5 wt% and a Ca content from 1.1 to 2.0 wt% at the particles. The Mg/Ca 
ratio for each particle gives an average Mg/Ca ratio of 8.0, after adjusting for the 
average Mg content for the particles found before exposure. The Mg/Ca ratio at the 
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matrix ranges from 1.8 to 5.5 wt% and show an Mg/Ca ratio of 3.0, i.e. lower than 
before exposure.  

The Fe content is no longer detectable in some particles and around 2.5 wt % where 
it is found. The C content is remarkable high, varying from 30 to 66 wt% at the 
particles, while only between 8 and 12 wt% on the matrix.  

Figure 4.30 (1)-(4) shows the EDS spectra for the areas marked in Figure 4.29, with 
the corresponding values in Table 4.12. The Mg content is lower than the particles 
above, with 3.14  and 3.95 wt%, respectively for the two particles analyzed. With Ca 
content 1.01 and 1.77 wt%, the Mg/Ca ratio is 2.5 and 2.2. Fe is found in one of the 
particles, significantly lower amount than found in the particles before exposure (2.94 
wt%).  

The Mg content at the pit and matrix, marked (3) and (4), is slightly higher than at the 
particles, with 4.8 and 4.2 wt%, respectively. Ca was not detected in the pit or the at 
the matrix, so the Mg/Ca ratio is not defined. C, on the other hand, was found in the 
matrix, but not in the pit. The C content at the matrix was much lower than at the 
particles. In addition the O content is much lower in the matrix and pit, than the 
particles. 

The sample made of aluminum alloy AA1050 have no visible particles at 200X 
magnification before exposure to cathodic protection in seawater, as seen in Figure 
4.31. After exposure the surface has both visible particles and pits, as shown in 
Figure 4.32. The EDS analyses of the marked points is shown in Table 4.13 and 
Figure 4.33. The particles (1) and (2) have first of all a high Mg content. This alloy 
initially contains 0.05 wt% Mg, and while Mg was not detected at the matrix, the EDS 
analysis shows 8-9 wt% Mg at the particles. However, the Ca content is also quite 
high at the particles, with 3.65 and 2 wt% Ca, which gives a Ca/Mg ratio at 3.7 and 
7.8. Ca is not detected on the matrix, either. 

Also notice that both the O and C content are lower at the matrix, than at the 
particles. S and P are only detected at the particles.  

Figure 4.34 shows the surface of the aluminum alloy Al99.99 before exposure with no 
particles seen, as it should not be. Figure 4.35 shows the surface after exposure, and 
it looks quite the same. Some particles and pits are seen, although this could be 
contaminations. The EDS analysis in Figure 4.36 and Table 4.14 shows that the only 
elements detected are Al, O, C and barely Si (0.13 wt%). The Si content found is 
within the impurity limit of the alloy. 
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Figure 4.26: Particles in aluminum alloy AA5082 before exposure. 

 

Table 4.9: EDS analysis of the particles in an unexposed AA5082 alloy shown in Figure 4.27. 

Particle tag C O Mg Al Si Mn Fe 

AlMg5-snitt 180 2.5 - 1.3 55.5 0.5 - 34.5 
AlMg5-snitt 181 - - 0.9 63.3 - 8.2 20.8 

AlMg5-snitt 182 - - 1.5 66.5 - 6.1 19.4 

AlMg5-snitt 183 - - 1.9 68.3 - 10.8 11.1 

AlMg5-snitt 184 - 1.5 3.0 67.1 - - 7.2 

AlMg5-snitt 185 - 1.5 2.4 70.4 - 6.9 17.6 

AlMg5-snitt 186 - - 0.8 64.5 - 8.0 24.1 

AlMg5-snitt 187 - 1.8 0.8 58.4 - - 22.8 

AlMg5-snitt 188 - - 0.7 63.8 - 8.5 24.6 

AlMg5-snitt 189 - 0.9 3.7 75.9 - 3.5 20.3 

AlMg5-snitt 190 - - 1.0 64.2 - 6.7 21.2 

AlMg5-snitt 191 - - 1.8 66.7 - 6.7 18.9 
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Figure 4.27: Image of a cross section of an unexposed AA5082 specimen, with marked points 

for EDS analysis of the matrix. 

 

Table 4.10: EDS analysis of the points marked in Figure 4.27 

Element C O Mg Al Mn 

AlMg5-snitt 163 1.5 3.7 72.8 

AlMg5-snitt 164 2.9 4.0 78.2 

AlMg5-snitt 165 1.8 4.0 71.5 

AlMg5-snitt 166 1.4 3.4 66.3 4.8 

AlMg5-snitt 167 2.1 3.7 74.0 

AlMg5-snitt 168 1.2 4.1 77.0 

AlMg5-snitt 169 6.8 1.5 3.9 73.0 

AlMg5-snitt 170 4.8 2.1 4.2 80.8 

AlMg5-snitt 171 2.3 3.7 73.9 

AlMg5-snitt 172 1.2 4.2 76.7 

AlMg5-snitt 173 1.2 4.3 81.7 

AlMg5-snitt 175 3.7 4.3 78.5 

AlMg5-snitt 176 2.4 4.1 74.1 

AlMg5-snitt 177 2.0 4.2 82.3 

AlMg5-snitt 178 2.4 3.9 72.1 

AlMg5-snitt 179 2.5 4.1 77.4 
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Figure 4.28: Particles on the surface of AA5082 after 6 weeks exposure to seawater. 

 

Table 4.11: EDS analysis of particles and matrix (marked with grey color) from Figure 4.28. The 
values are in wt%. 

Point C O Na Mg Al Si Ca Fe 

1 181 55.6 27.8 0.8 5.2 5.1 0.7 1.3 
1 182 32.3 38.7 0.5 7.4 9.6 0.5 1.7 

1 183 30.5 32.3 0.3 7.6 8.0 0.4 1.5 

1 184 45.1 23.7 6.0 4.9 1.1 

1 185 45.8 25.9 0.5 6.2 7.7 0.4 1.2 2.4 

1 186 46.6 42.0 1.0 9.5 12.6 0.9 1.4 

1 187 44.9 25.6 0.3 5.2 5.5 0.4 1.4 

1 188 66.0 37.5 0.9 6.7 5.2 0.5 1.1 2.5 

1 189 30.4 51.7 0.8 8.4 12.8 4.0 1.7 

1 190 34.8 38.3 0.6 6.6 16.2 0.8 1.5 

1 191 8.6 23.7 3.5 44.1 0.6 2.0 

1 192 11.7 20.7 2.9 46.2 0.5 1.3 

1 193 9.3 12.6 3.3 53.6 0.1 0.6 

1 194 11.2 17.4 3.0 47.4 0.3 0.9 
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Figure 4.29: SEM image of AA5082 after 6 weeks exposure with marks for the EDS analyses. 

 

Table 4.12: EDS analysis of the marked areas in Figure 4.29. The values are in wt%. 

 

  

Al C O Mg Si Ca Fe P S 

1 14.73 63.07 12.58 3.14 0.34 1.01 2.94 0.84 1.36 
2 8.83 68.39 13.83 3.95 0.47 1.77 - 1.32 0.47 

3 94.09 - 1.10 4.81 - - - - - 

4 74.51 13.51 7.80 4.18 - - - - - 
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(1) 

 
(2) 

  

(3)                                                    (4) 

Figure 4.30: EDS spectra of the points marked in Figure 4.29. 
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Figure 4.31: Surface of aluminum alloy AA1050 before exposure to seawater. 

 

 
Figure 4.32: Surface of aluminum alloy AA1050 after 6 weeks exposure to seawater. The 

particles have been dug out of the matrix. 
 

Table 4.13: EDS-analysis of the particles in Figure 4.32. 
Al C O Mg Si Ca Fe P S Na Cl 

1 34.43 10.10 25.60 8.14 0.85 3.65 4.73 0.92 3.18 1.02 7.38 
2 20.83 16.42 38.65 9.50 0.54 2.00 3.20 0.60 1.99 1.24 5.04 

3 88.25 3.40 8.34 - - - - - - - - 
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1) 

 
2) 

 
3) 

Figure 4.33: EDS spectrum of respectively particle labeled 1, 2 and 3 on the AA1050 specimen 
in Figure 4.32. 
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Figure 4.34: Surface of aluminum alloy Al99.99 before exposure. 

 

 
Figure 4.35: Surface of aluminum alloy Al99.99 after 6 weeks exposure. No visible difference in 

the surface. 
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Figure 4.36: EDS spectrum for the area of Al99.99 in Figure 4.35  

 

Table 4.14: EDS-analysis of the area of Al99.99 in Figure 4.35. 
Element Al C O Si 

wt% 88.52 6.15 5.20 0.13 

 

 

4.4 Cross sections of specimens 
The TSA specimens were cut in half and the cross section investigated to see 
whether diffusion of oxygen through the surface had occurred. tHe sanokes 
investigated were TSA prior to exposure to seawater, for comparison, and TSA 
exposed to seawater for respectively 6 weeks and 4 months. As the steel under the 
TSA is so much harder than the TSA, grinding and polishing the surface was difficult, 
as will be shown by the pictures. It was not possible to detect any pores in the 
structure, as the aluminum is so soft that any possible pore was erased. In addition, 
there was not seen any well-defined trend for the O content for any of the samples. 
This also applies to the sealed coating. Since the pores and the rest of the structure 
was erased by the grinding and polishing, it was impossible to see whether the sealer 
had penetrated the surface and filled the pores. However, this was seen by polishing 
the surface of the specimen, rather than the cross section. As the results fails to give 
any information, they will not be discussed further in the main part of the thesis, but 
they are found in Appendix B. 
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5 Discussion 

5.1 Effect of alloy and microstructure on current density behavior 
Both the TSA specimen from the present experiments and the aluminum plates of 
alloys AA5082 and AA1050 followed the current density behavior described by 
Gundersen and Nisancioglu or, at least, had an initial current density peak. The steep 
increase in the cathodic current density at the beginning indicates that reactions take 
place on the surfaces, and the following decreasing current is a result of the isolation 
of cathodic particles. This behavior was expected for the two aluminum alloys 
AA5082 and AA1050, as they contain cathodic particles. It was also assumed to be 
the case for the TSA specimen, although it is not possible to see the cathodic 
particles. The further decrease in current after the initial peak could be explained by 
precipitation of calcareous deposit. However, calcareous deposit is not found over an 
extensive area. The EDS analyses showed that the precipitation of calcareous 
deposit is favored at the particles for the aluminum plates and at certain areas for the 
TSA. The aluminum alloy Al99.99 did not show this behavior, which was also 
expected, as Al99.99 should not have any cathodic particles. Hence, the decrease in 
current density for the Al99.99 would be a result of oxygen polarization, as is the 
case with steel specimens, with accompanying calcareous deposit. The difference 
between steel and Al99.99 is, however, the protective aluminum oxide that makes 
the current requirements ten times smaller for aluminum than for steel. The aluminum 
plates of the alloys AA5082, AA1050 and Al99.99 confirms that the more alloying 
elements, the higher current density.  

The average current density for the TSA specimens was 80 mA/m2 after 38 days, 
which is twice the value found for the TSA specimens from the project work and the 
long term TSA specimens value after 40 days. There is a clear temperature 
dependence which will be discussed later. Since findings from literature have 
reported a temperature between 8 and 12 °C, the current density results from the 
long term exposure experiment will be more correct to use as comparison. The long 
term exposed specimen had a current density around 40 mA/m2 after 40 days while 
the experiments performed by Gartland and Eggen on an arc sprayed AlMg coating 
had a current demand around 35 mA/m2 after one month [17]. However, the potential 
used in their experiments was slightly lower, at -1030 mV vs Ag/AgCl. After 4 months, 
the TSA specimen from the present experiment had a current demand at 25 mA/m2 
and was still decreasing. There was also found more Mg at the TSA specimen 
exposed for 4 months, compared to those from earlier work exposed for only 6 
weeks, proving that precipitation does take some time. As the current density found 
by Gartland and Eggen was just below 20 mA/m2 after 4 months, the potentiostatic 
results seem to agree with earlier experiments, and as the current demand found by 
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Gartland and Eggen was less than 10 mA/m2 after 16 months (and stable), it is 
reason to believe that the result would be the same for the present experiments [17]. 

The current demand for alloy AA5082 is 43 mA/m2 after 30 days. This is very close to 
the long term TSA specimen, which also was an AlMg5 alloy. Experiments with both 
arc sprayed and flame sprayed 99.5% Al alloy was done by Gartland and Eggen, and 
after one month of exposure to seawater at -1030 mV vs Ag/AgCl, the current 
demand was respectively 20 mA/m2 and 15 mA/m2. The Al plate with 99.5 % Al in the 
present experiment had a current demand at 21 mA/m2. This shows that results from 
aluminum specimens of extruded plates and thermally sprayed coatings are 
comparable, at least when it comes to current demand. 

Comparing the current density behavior shown in this thesis with the current density 
curves from Barchiche et al will in principal not be adequate as Barchiche et al 
performed the experiments on steel, and the mechanisms that the current demands 
are dependent of are different for steel and aluminum. Mainly, the difference is the 
cathodic sites, which for steel is the entire surface, while for aluminum is at the 
intermetallic particles. However, assumingly they were comparable; the steep 
decrease of the current demand for both the TSA specimens and the Al99.99 plates 
would be considered a typical CaCO3 curve. However, if that was the case, the 
Mg/Ca ratio would be lower for these specimens.  

 

5.2 Thickness of calcareous deposit 
The thickness of the calcareous deposit on the TSA samples or the aluminum alloy 
samples is not possible to measure, as there is not found any of the typical structure 
that the calcareous deposit holds on the aluminum surface. In fact, there has not 
been seen anything that can resemble a calcareous deposit, with the exception of a 
more rugged and brighter TSA surface. The EDS analyses show something else, 
however, with detection of Ca and increased content of Mg, O and C. However, this 
might be expected as cathodic sites on aluminum, i.e. areas favorable for 
precipitation and growth for calcareous deposit, is not evenly distributed as it is on 
steel. As a consequence the only clue indicating calcareous deposit is the EDS 
analysis and bright spots on the surface. 

 

5.3 Mg/Ca ratio for the various specimens 
As far as the Mg/Ca ratios reported in this thesis are concerned, there is one 
essential thing worth mentioning; The Mg/Ca ratios presented in the results are not 
constant over a whole area, but vary from spot to spot. There has been performed 
many EDS analyses on several specimens of each type, and all could not be 
included in this report. The numbers and figures presented in this report are a 
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representation of the typical results found for each material. The Mg/Ca values are 
given in [mol/mol]. 

The SEM images of the TSA specimens show that the surface has changed 
somewhat from the unexposed surface and it seems like something has precipitated 
on the surface, although without seeing any specified structure of either aragonite or 
calcite. In the literature Mg(OH)2 is described as a thin film with a thickness of a few 
hundred micrometers, difficult to detect in SEM [22]. This may be the reason why the 
calcareous deposit not was seen in the microscope, although detected by EDS. The 
EDS analyses confirm that the composition on the TSA surface has changed. Both 
the Mg and O content has increased given reason to believe that Mg(OH)2 has 
precipitated. The Mg/Ca ratio is indicating the amount of Mg relative to Ca and used 
as a measure of the properties of the calcareous deposit, especially the 
protectiveness. However it does not indicate how much calcareous deposit there is 
present on the surface. The Mg/Ca ratio for the TSA specimens exposed for 6 weeks 
will be discussed later, in the view of temperature dependence. However, one result 
worth noticing for these specimens is the difference between various spots on the 
surface. The two spots in Figure 4.13 and Figure 4.15 has Mg/Ca ratios at 5.4 and 
22.1, respectively. This shows that the calcareous deposit does not precipitate 
uniformly over the surface, but that certain spots are favorable for the Mg 
precipitation.  

The TSA specimen exposed for 4 months showed an Mg/Ca ratio at 12.3 over an 
extensive area, after adjusting for initial Mg content, while it was found to be 36.0 at a 
certain peak in the surface. This high Mg/Ca ratio after 4 months shows that the 
precipitation of Mg is quite slow, whereas the Ca content is relatively stable from 5 
weeks to 4 months. It would be interesting to know the exact composition at these 
spots before exposure. As the results from the aluminum alloy plates show, however, 
it is quite possible that there is a higher content of Fe where the Mg/Ca content is the 
highest. 

The values shown here for TSA are, first of all, much higher than what has been 
reported for steel surfaces and, secondly, show that the calcareous deposit 
precipitates (more) at certain areas.  

For the aluminum plates of alloy AA5082 and AA1050, the intermetallic particles are 
easy to find, and with that, the emphasis on these surfaces has been on the particles. 
The EDS analyses have been performed on particles and at points on the matrix, not 
over an area, as was the case for the TSA specimens. The results from the EDS 
analyses show that there is a great difference between the composition at the 
particles and the matrix. Mg was found with increased values at all the particles at 
specimens of AA5082 and AA1050, and there was more Mg at the particles than at 
the matrix. Ca was only found at the particles on alloy AA5082 and AA1050, not at 
the matrix.  
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The Mg/Ca ratio for the aluminum plates confirm the theory that the calcareous 
deposits precipitates at the cathodic intermetallic particles on aluminum alloys. The 
lack of or lower content of Ca on the matrix and no Mg at the matrix where Mg initially 
is not present in the alloy, demonstrates this. Secondly, the Mg/Ca ratio at the 
particles is considerably higher than values found in literature regarding experiments 
performed on steel specimens [23, 25].  

These findings are in accordance with the findings at the TSA specimens in finding 
more calcareous deposit at certain parts of the surface. For the TSA specimens, the 
increased amount of calcareous deposit is mostly found at the peaks of the surface, 
although the amount or the Mg/Ca ratio is not as high at every peak. The Mg/Ca ratio 
for the TSA specimens were slightly higher than the Mg/Ca ratio found at the AA5082 
plates after 6 weeks, however, the difference is small, and there was a difference 
between the seawater temperatures, so it is probably safe to say that TSA 
specimens and AlMg5 plates also are comparable when it comes to Mg/Ca ratio. 
Also, different SEMs were used, which may give different results, as the two 
microscopes can have a different reference value. 

The high Mg/Ca ratios are a consequence of increased Mg content, decreased Ca 
content or a combination of both. The increase in Mg content have two possible 
explanations; for one thing, the increase of Mg is due to precipitation of Mg(OH)2 on 
the surface, ergo, its origin is from the  seawater. The second possibility is that it 
comes from the alloy matrix, since Mg is less noble than Al and, hence, will corrode 
first. The corrosion products fill the pores between the intermetallic particle and the 
matrix, increasing the relative amount of Mg at that certain point, hence, the 
increased Mg content is coming from the metal. However, considering the increased 
amount of Mg on the aluminum plates of AA1050, where the Mg content initially is 
close to zero, the most likely origin of Mg is the seawater.  

Mg2+ is known to inhibit the precipitation of calcite and the growth of aragonite, which 
may explain why there is detected more Mg than Ca on the surfaces of AlMg5 alloys, 
including TSA. The question is, however, why there is more Mg than Ca present for 
alloys not initially containing Mg. As discussed in the theory section, Mg(OH)2 will 
precipitate at higher pH than CaCO3. pH in seawater is 8.3 and studies have shown 
the increase of pH near the cathode surface during cathodic protection to the pH 
needed for Mg(OH)2 to precipitate [11, 31, 32]. pH at the surface was not measured 
during these experiments, but the pH has must have reached 9.3 at the cathodic 
sites, as Mg has precipitated. As there is found more Mg at the aluminum surfaces 
than on steel, the pH at the cathodic site at aluminum might be higher than at the 
steel surface. In addition, Mg(OH)2 is known to precipitate at low potentials. Low 
potentials are a contributing factor to increased pH, which again favors the Mg(OH)2 
precipitation. The specimens in the present experiments were polarized down to -
1050 vs Ag/AgCl, which is lower than what is normally used for steel. However, steel 
specimens from earlier work, polarized to the same potential, had a much lower 
Mg/Ca ratio than the aluminum specimen. This seconds the suggestion that the 
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reactions at the intermetallic particles on aluminum are increasing the pH at 
aluminum more than at steel surface. 

The fact that there were no findings of Mg or Ca at the Al99.99 specimens shows 
once again that the intermetallic particles do play an important part, regarding the 
precipitation of calcareous deposit. The current densities at the Al99.99 specimens 
were probably too low to cause precipitation of calcareous deposit due to low pH. 

 

5.4 Effect of sealer 
The cathodic current demand for the sealed TSA specimens was 4 times lower than 
the long term exposed TSA specimen, reading 10 mA/m2 after 36 days. The value 
agrees well with the suggested design current density  value at 11mA/m2 [16]. 
However, Fischer et al studied flame sprayed Al coating with vinyl sealer at 7-8 °C, 
polarized between −1030 and −1050 mV vs Ag/AgCl and the current demand was 
found to be 5 mA/m2 during the whole period [29]. Gartland and Eggen found in their 
study in that the cathodic current demand for sealed TSA was less than 1 mA/m2 
during the whole period [17]. Therefore, the slightly higher cathodic current demand 
in the present experiments may be due to unsatisfying application of the sealer. 
According to the NORSOK standard, the sealer should be applied soon after 
application of the TSA to hinder contamination and is to be applied until absorption is 
complete. There should not be a measurable overlay of sealer on the metallic coating 
after application [15]. In this experiment, first of all, the sealer was not applied shortly 
after the TSA coating was applied, and secondly, the sealer was applied using a 
brush instead of a spraying gun, hence the layer might have become uneven, too 
thick and not penetrated through the coating. The thickness was not measured, but 
the sealer was visible on the surface.  In addition, sealer was not detected at the 
surface after grinding and polishing, so the sealer has probably functioned more as 
an overlay coating than sealing of the pores. The SEM images show the necessity of 
the sealer, as there are many pores present, up to 20 µm in diameter. A suggestion 
about the sealer being dissolved by ethanol being used during polishing has been 
made. However, the sealer was both seen and detected by SEM/EDS on the 
unpolished surface, and this surface has been rinsed in ethanol as well. So it stands 
to reason that the sealer has not penetrated through the coating. 

In the experiments of Gartland, it took 3-4 months before the current demand for 
sealed arc sprayed AlMg5 was stable, although the current density had been on the 
same level almost from the start [16]. The current density for the sealed specimens in 
the present experiment also had a much more stable progress, compared to the 
unsealed specimens, only decreasing 20 mA/m2 during the exposure time. This is 
probably due to the sealer covering the intermetallic particles and the matrix, 
hindering the reactions on the surface. The covering of the surface, including the 
intermetallic particles also seems to have hinder the precipitation of calcareous 
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deposit, as the small amount of Mg and no detection of Ca on the sealed surface 
indicate that calcareous deposit has not precipitated on the sealed TSA surface.  

 

5.5 Effect of temperature 
The potentiostatic polarization curves show a clear temperature dependence for the 
TSA specimens. The temperature difference in the seawater for the TSA specimens 
and the long term exposure TSA specimen was 6-7 °C. That difference led to a 
difference in current density of 60 mA/m2 at the most. The resulting higher current 
density due to temperature increase is expected due to increasing rate of kinetic 
reactions with increasing temperature.  In addition, increased temperature is known 
to reduce the corrosion resistant of aluminum in alkaline environment, which would 
increase the current demand [1]. Increase in current density due to increased 
temperature is confirmed by Fischer. He  found that sealed TSA specimens at 70 – 
100 °C and -1100 mV vs Ag/AgCl had a current density of 70 mA/m2 after one month 
and 30 mA/m2 after one year [14]. Gartland suggested a design current density for 
sealed TSA to 17 mA/m2 at 40 °C [16]. Considering the current density needed for 
the sealed TSA specimen at 8-10 °C was around 10 mA/m2 after one month, the 
design current density seems anything but conservative.  

As far as calcareous deposit is concerned, an opposite effect should occur. Both in 
the studies of Barchiche et al and Deslouis et al, an increase of current density was 
observed at -1000mV SCE and lower temperatures [30]. The increase was explained 
by the formation of Mg(OH)2 , which is the compound most likely to precipitate in 
colder water and which is less protective than CaCO3. At lower potentials, e.g. – 
1200 mV SCE, the temperature dependence on the current demand had a negligible 
effect, as the solubility of the compounds have less influence on behalf of increased 
pH at the surface and it was observed an increased deposition of Mg(OH)2 at 
increasing temperatures.  

In the present experiments the TSA surfaces do not seem to have been covered by 
calcareous deposits, so the effect of temperature is probably not due to a less 
protective calcareous deposit over a more protective deposit.  The temperature 
difference is probably not big enough either.  Comparing the EDS results from the 
present experiment to the earlier one, however, should give an answer.  

The unexposed TSA specimens had an Mg content of 3.4 % and after 6 weeks 
exposure the Mg/Ca ratio was 9.7, when subtracting the initial Mg content. Analysis 
from earlier work, where the temperature was 6-7 °C lower, the Mg/Ca ratio at the 
surface of a TSA specimen exposed for 4 weeks was 4.9, when adjusting for the 
initial Mg content. According to the literature, the Mg/Ca ratio for the specimens at 
lower temperature should be higher, than for the higher temperatures, i.e. increased 
Mg content at lower temperatures. As it is not, the assumption of the temperature 
difference being too small and/or the amount of calcareous deposit on the surface is 
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too low, is valid. In addition, as the current decreases after a month, i.e. when the 
temperature decreased again, the temperature dependence is obvious, and most 
likely related to the kinetics. 

Although the resulting increase in current density was expected as a result of the 
temperature increase, the temperature increase in itself was not expected. The water 
flowing through the two tubs came from the same depot and would therefore have 
the same temperature. The reason for the temperature increase is therefore probably 
due to hindering of the flow in to the tub, so that the water was not continuously 
replaced. In that case, considering that the temperature effect is not enough, the 
effect of flow in the electrolyte also must be considered. 

 

5.6 Effect of flow 
If the increase of temperature was due to a stop in circulation of the water, effect of 
flow, or rather, no flow must be considered. First of all, as mentioned in the 
experimental chapter, the circulation that was supposed to be in the tub was so low 
that in principle it could be considered as nearly stagnant condition. However, without 
circulation there is no replacing the electrolyte. For a film forming metal, the need for 
dissolved oxygen is necessary to form a protective oxide. For aluminum, however, 
the oxide will deposit by splitting the water molecules, hence the need for dissolved 
oxygen is not as important as for other metals.  

For aluminum, stagnant conditions favor pitting corrosion [1]. However, pitting is 
easily avoided due to cathodic protection, keeping the potential far below the pitting 
potential. In addition, AlMg alloys, which the TSA specimens are, are known to be 
resistant to pitting in chloride environment [1]. It therefore stands to reason that the 
lack of circulation did not affect the specimens directly; rather indirectly as an 
increase of temperature was a consequence.   

 

5.7 Potentiodynamic polarization curves 
The potentiodynamic polarization curves show first of all the same as the 
potentiostatic polarization curves; the current decreases with time and the sealed 
specimens has a much lower current demand than the unsealed.  

Besides that, the curves are a measure of corrosion potential. As the current density 
decreases for each week, so does the corrosion potential. The curves for the 
unsealed TSA from the first weeks, seem to have a corrosion potential higher than 
−800 mV vs Ag/AgCl, while after 9 weeks, the corrosion potential seem to be around 
−900 mV vs Ag/AgCl. The values for the sealed TSA specimens show the same 
trend.  
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Calculating the Tafel slope would give an indication on whether the mechanisms 
were activation controlled or diffusion controlled, and whether the cathodic reaction is 
oxygen reduction or hydrogen evolution.  In this case, however, the anodic and 
cathodic reactions occur at certain cathodic sites rather than uniformly across the 
surface. Therefore calculating the Tafel slope will be difficult.  
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6 Conclusion 
Through experiments and literature studies, steel specimens coated with thermally 
sprayed aluminum exposed to seawater, cathodic protected at -150 mV vs Ag/AgCl 
have been studied. To validate the mechanisms happening on the surface, extruded 
plates of three different aluminum alloys was also investigated and exposed to the 
same conditions as the TSA specimens. The comparisons have proven valid 
concerning both current demand and Mg/Ca ratio. On the basis of the findings 
presented, following conclusions can be drawn. 

The current density demand for the unsealed TSA specimens polarized to -
1050 mV vs Ag/AgCl and 8-12 °C are in the order of 40 mA/m2 after one 
month. 4 times lower than for steel specimens. After 4 months the current 
demand was 25 mA/m2. 

Sealed TSA specimens showed even lower current density demands, at 10 
mA/m2, although the sealer does not seem to have penetrated through the 
coating. 

The potentiostatic curves show an initial peak in current density, indicating 
cathodic reactions happening on the surface followed by isolation of the 
cathodic sites. This was shown for both TSA specimens, as well as plates of 
aluminum alloys AA5082 and AA1050. 

Without seeing any typical structure of calcareous deposit, increased Mg, Ca 
and O was detected with EDS, which confirms that precipitation of calcareous 
deposit has taken place at the surface. 

Precipitation of calcareous deposit was found to be higher at certain areas at 
the TSA specimens. For the aluminum plates the precipitation was highest at 
the intermetallic particles. 

The Mg/Ca ratios found at the different aluminum specimens are much higher 
than what has been found at steel surfaces. The reason is not completely 
understood, but is probably due to a higher pH at the cathodic sites.  

Calcareous deposit was not detected on Al99.99. 

A temperature increase of 6-7 °C led to an increased current demand of 60 
mA/m2 and is probably due to higher rate of kinetic reactions.  
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7 Suggestions for further work 
This study has emphasized in finding whether calcareous deposit forms on TSA with 
cathodic protection. Suggestions for further work include: 

 

- Further investigation of the microstructure of TSA coatings, with emphasis 
on finding possible intermetallic particles  
 

- Finding techniques of measuring pH at the surface during potentiostatic 
polarization experiments. The main challenge will be to measure the pH at 
the cathodic sites, not over the whole surface. 

 
- Studying the thermal properties of the TSA coating and calcareous deposit. 

Will the deposit and/or the aluminum oxide hinder thermal conductivity, like 
calcareous deposit does on steel surfaces? 

 
- Investigating the temperature dependence. How high will the current 

demand be using TSA at high temperatures and will that lead to more 
precipitation of calcareous deposit? 

 
- Finding techniques to “see” the layer of Mg(OH)2. 
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Appendix A 

Potentiostatic polarization curves 
 

 

Figure A 1: Current density – time curves for the five TSA samples.  

 

Figure A 2: Current density -  time curves for the two TSA specimens that were sealed. 
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Figure A 3: Current density – time curve for the two specimens of aluminum alloy AA5082. 

 

 

Figure A 4: Potentiostatic polarization curve for the two specimens of aluminum alloy Al1050. 
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Appendix B 

Cross section of specimens 
The TSA samples were cut in half and the cross section investigated to see if there 
has been diffusion of oxygen through the surface. The samples investigated were 
TSA prior to exposure to seawater, for comparison, and TSA exposed to seawater for 
6 weeks and 4 months. Sealed TSA specimens exposed to seawater in 6 weeks 
were investigated to see if the sealer has penetrated the TSA coating and filled the 
pores. 
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Figure B 1: Cross section of TSA sample, not exposed to seawater. 

 

Table B 1: EDS analysis of the cross section in Figure B 1. The oxygen content is varying 
through the cross section, with no clear pattern. It can seem as if the oxygen content is higher 

near the surface, and decreases inwards, but the content increases again closer to the 
interface between the coating and substrate material, so no well-defined trend is observed.  

Spectrum Mass percent (%) 

C O Mg Al Ca Fe 

1 23.0 6.8 0.7 54.7 0.9 
2 30.5 5.9 0.7 45.8 1.0 

3 9.8 5.7 1.0 69.5 0.9 6.4 

4 5.7 2.4 0.9 72.4 1.1 8.1 

5 6.2 4.3 0.7 70.6 1.0 

6 5.4 2.1 1.3 86.0 0.8 6.9 

7 5.3 4.8 1.2 71.2 0.8 6.8 

8 10.1 9.7 1.1 65.3 1.0 13.1 

9 9.0 15.6 2.9 57.6 1.2 21.7 

10 4.1 9.3 4.4 72.6 0.9 7.3 

11 3.7 3.3 103.3 

12 2.1 1.7 97.0 
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Figure B 2: Cross section of TSA specimen exposed for 6 weeks. 

 

Table B 2: EDS analysis of the cross section in Figure B 2. The oxygen content is more varying 
at this cross section than the one belonging to the unexposed specimen, but a general view 

indicates a slightly increase in oxygen content moving towards the substrate material. 

Spectrum Mass percent (%) 

C O Mg Al Ca Fe 

1 8.4 2.6 1.0 70.7 1.3 7.3 
2 9.2 7.7 0.9 69.8 1.0 7.8 

3 10.9 14.4 2.0 59.7 1.1 6.3 

4 4.8 5.1 1.5 72.9 0.8 6.2 

5 5.3 8.0 1.8 68.4 1.5 6.7 

6 9.0 9.0 2.4 89.6 0.8 8.8 

7 6.4 10.4 3.2 83.1 1.0 9.5 

8 8.5 3.7 0.7 74.5 1.1 5.7 

9 5.9 3.2 2.1 72.4 1.4 6.4 

10 4.9 17.2 3.0 61.9 1.3 7.3 

11 9.1 14.1 2.5 53.4 1.4 8.2 

12 3.5 1.1 0.2 0.3 1.4 111.1 

13 14.3 7.2 0.3 0.4 0.9 70.3 
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Figure B 3: Cross section of TSA specimen exposed for 4 months. 

 

Table B 3: EDS-analysis for the cross section in Figure B 3. The oxygen content is slightly 
lower than the previous cross sections. However, as this specimen has had a longer exposure 

time, a higher oxygen content would be expected. 

Spectrum Mass percent (%) 

C O Mg Al Ca Fe 

1 81 3.8 1.9 2.9 73.3 0.4 3.6 
1 82 4.0 2.4 2.4 72.1 0.6 3.2 

1 83 4.3 2.6 1.5 73.0 0.4 2.8 

1 84 3.8 1.9 2.9 73.3 0.4 3.6 

1 85 4.0 2.4 2.4 72.1 0.6 3.2 

1 86 3.4 9.8 1.2 63.3 0.6 3.2 

1 87 3.5 2.4 0.9 74.8 0.5 3.4 

1 88 43.2 3.8 1.0 15.8 60.8 0.5 

1 89 11.8 6.5 1.0 57.0 12.9 0.4 

1 90 3.9 1.7 1.1 79.4 0.4 3.5 

1 91 3.9 1.8 1.1 75.9 0.6 3.9 

1 92 1.8 0.8 0.2 0.1 0.5 103.0 
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Figure B 4: Cross section of a sealed specimen, exposed for 6 weeks. It is difficult to see 

whether the sealer has penetrated the coating and filled the pores, because the cutting and 
polishing has smoothed the surface of the cross section, covering the possible pores. 

 

Table B 4: EDS analysis of the cross section in Figure B 4. The oxygen content for the sealed 
specimen does not stand out, compared to the other cross sections. I.e. it does not seem to 

have hindered or made is easier for O to diffuse. No signs of Si below the surface indicate that 
the sealer has not penetrated through the surface. 

Spectrum Mass percent (%) 

C O Mg Al Si Fe 

TSAsnitt 89 18,6 12,4 1,3 59,6 2,0 
TSAsnitt 90 5,2 2,1 66,5 

TSAsnitt 91 7,0 6,2 1,6 66,9 

TSAsnitt 92 10,1 8,7 2,6 76,4 

TSAsnitt 93 6,8 9,2 2,1 60,0 

TSAsnitt 94 7,8 7,6 2,3 62,1 

TSAsnitt 95 7,1 7,6 1,5 67,1 

TSAsnitt 96 7,2 4,4 2,7 69,9 

TSAsnitt 97 6,7 10,2 50,6 

TSAsnitt 98 21,0 6,4 70,4 

 

 


	Title Page
	Microsoft Word - Master


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


