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Abstract: Calcareous deposits were formed on steel under conditions of cathodic
protection in artificial seawater at applied constant current densities ranging from 50 to
400 mA-m~2. The calcareous layers were characterized using a Field Emission Gun
Scanning Electron Microscope (FEG SEM) in conjunction with Energy Dispersive X-Ray
Analysis (EDX), and Electrochemical Impedance Spectroscopy (EIS). At cathodic current
densities of 50-100 mA-m 2 where corrosion was still occurring, a clear correlation existed
between the iron containing corrosion product and the overlying magnesium hydroxide layer.
This revealed that the mapping of magnesium rich areas on a steel surface can be used in
the identification of local corrosion sites. At current densities of 150-200 mA-m2, a layered
deposit was shown to occur consisting of an inner magnesium-containing layer and an outer
calcium-containing layer. At current densities of 300400 mA-m 2, intense hydrogen bubbling
through macroscopic pores in the deposits gave rise to cracking of the deposited film.
Under such conditions deposits do not have a well-defined double layer structure. There is
also preferential formation of magnesium-rich compounds near the steel surface at the early
stages of polarisation and within the developing pores and cracks of calcareous deposits
later on. Based on SEM/EDX investigation of calcareous depositions the impedance model
was proposed and used to monitor in situ variations in steel corrosion resistance, and to
calculate the thickness of formed deposits using the length of oxygen diffusion paths.
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1. Introduction

Cathodic protection is perhaps the most powerful technique that is routinely utilised for the
prevention of corrosion. The seminal study of cathodically protected mild steel using constant current
was published by Humble as early as 1948 [1]. It was reported that the corrosion rate of the steel was
reduced from 0.067 to 0.025 mm-y ' when a cathodic current density increase from 0 to 100 mA-m™>
was applied; the weight loss data were based on sandblasted steel plates after one year of exposure at
Kure Beach, NC. It is well established that the formation of calcareous deposits on steel contributes
significantly to the effectiveness of cathodic protection and it is generally believed that calcareous
deposits provide protection against corrosion by acting as a barrier to oxygen; thus preventing the
cathodic reaction of oxygen reduction on the metal surface. Similar to organic paints, the calcareous
deposits are poor electron conductors and cannot support the oxygen reduction on the outer surface.
Additionally, like paints, they are thought to have an increased ionic resistance and to afford some
degree of resistance inhibition. A considerable amount of work has already been done in understanding
the mechanism formation of calcareous deposits and factors influencing this formation [2-14].
However, the effects of corrosion and the development of corrosion products under cathodic protection
are reported sporadically [8,9]. More recently, publications in this area mainly deal with the examination
of calcareous deposits formed on steel at constant potentials. This probably reflects the conditions
employed practically for steel structures in seawater [5—14], and only a few publications consider
exploiting constant current, pulse or mixed modes of polarisation [3,4,15].

As stated above, the calcareous deposit that forms on steel surfaces may be compared to a layer of
electrically resistant paint. The resistance is known to increase as the layer thickens and the current
automatically decreases if the voltage remains the same. Variation in electrical resistance of deposits
can be monitored with the use of Electrochemical Impedance Spectroscopy (EIS), which became a
popular choice of several researches examining the formation of calcareous deposits under cathodic
protection at various constant potentials [10,11,14]. A particularly interesting approach was adopted by
Deslouis, et al. [10,11] in the investigation of calcium carbonate deposits formed under cathodic
protection at constant potentials applied in the range from —0.9 to —1.4 V (SCE) in calcium carbonate
solution with and without magnesium salts. It is generally agreed that impedance spectroscopy is a
valuable technique in monitoring in situ modification of steel surfaces under cathodic protection.
However, the complexity of the processes occurring on the metal surface, which include reduction—
oxidation (redox) together with mass transport and calcareous deposition driven by pH wvariation,
requires a careful approach to impedance modelling.

In this study the SEM observations of cross-sectioned calcareous deposits formed on steel under
cathodic protection and an EDX analysis within SEM of cross-sections are carried out in order to
improve our understanding of the deposition process. It is anticipated that the distribution of Ca and
Mg rich mineral deposits through the thickness of the film will provide valuable information regarding
the structure and elemental composition of the films during the formation process. Knowledge of
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deposit structure from direct SEM/EDX examinations will provide the solid base for selection of the
impedance model in the EIS study, the aim of which is to determine the corrosion resistance of steel
under conditions that consider the formation of deposits and the reduction of oxygen and water.

2. Experimental Section
2.1. Materials

The test specimens of mild steel were supplied in panels 50 x 102 x 1 mm by Q Panel Ltd. (Bolton, UK)
(the composition is given in Table 1). The surfaces of the test specimens were polished using a series of
sequentially finer grades of silicon carbide abrasive paper, ranging from 120 to 4000 grade (mirror
finished). The test specimens were then degreased in alcohol and acetone, before final cold air drying.

Table 1. Chemical composition of mild steel.

Composition of Mild Steel
Element Fe C Mn P S
wt.% BAL 0.08-0.13 0.3-0.6 0.04 0.05

In this work, the chemical composition chosen to prepare the artificial seawater electrolyte solution
was based on the standard formulation given by Lyman and Fleming (1940; s = 3.5%) [16]. The pH of
the testing solution was 7.5 = 0.1. The temperature of the solution was on the ambient in the range of
20+ 2 °C.

Electrochemical experiments were conducted within a three-electrode cell with the working electrode
being the test specimen, the auxiliary electrode being a titanium anode coated with iridium-tantalum
oxide (Mixed Metal Oxide [MMO)]), supplied by BAC Corrosion control Ltd. (Telford, UK), and the
reference electrode being a Saturated Calomel Electrode (SCE). Galvanostat made by Corrosion
Developments (Manchester, UK) (the late Harvey Turner) was used to provide a constant current, and the
value of the applied current densities could be adjusted using a built-in variable resistance. A calibrated
resistor of 10,000 Q was used in the external circuit to check the current supplied by the galvanostat.

Electrochemical Impedance Spectroscopy (EIS) was employed on the mild steel samples at
different levels of galvanostatic cathodic polarization with applied current densities of 0 (the open
circuit potential condition), 50, 100, 150, 200, 300 and 400 mA-m 2. During galvanostatic polarisation
the variation in potential of each specimen was monitored through the duration of experiment where
the initial potential values of =530, =535, =540, =550, =560, =580 and —640 mV (SCE) were followed
by an increased to steady values at —690, —770, —840, —895, —950, —1000 and —1050 mV (SCE),
respectively, after 1 h of polarisation. Over time, there was a further potential increase to values of
—1050 and —1100 mV (SCE), which was only monitored for 300 and 400 mA-m™> after 6 h of
polarisation. Evidence of corrosion was visually observed after polarisation at 0, 50 and 100 mA-m™2.
The impedance was measured at the steady potential that the specimen had immediately prior to
commencing the impedance measurement. In other words, the potential was not allowed to decay back
to a natural potential, as this would have removed the specimen from the specific test conditions of
this study. The measurements were conducted starting initially with 6 hours immersion, then at 24 h
intervals thereafter for 168 h, using an ACM (Applied Corrosion Monitoring) Gill potentiostat
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(Cumbria, UK), with an inbuilt frequency response analyser over a frequency range 10,000 to 0.1 Hz.
The maximum number of data readings per test was 100. All impedance spectra were analysed and
modelled using Zview software (Scribner Associates Inc., Southern Pines, NC, USA).

A representative set of four samples, subjected to different levels of cathodic protection at 100, 150,
200, and 300 mA-m~? after seven day of immersion, were cross-sectioned for examination by
SEM/EDX. The current densities were chosen based on visual examination and on our previous
weight loss data [17] and represent under-protected (evidence of severe corrosion), protected
(trace of corrosion), well-protected (no corrosion observed) and over-protected (evidence of
hydrogen evolution) steels, respectively.

Prior to cross-sectioning, each sample was carefully and slowly cut in half using a dry hand saw and
the two sections were placed vertically into the middle of a polythene mould with a support. The use of
two samples sections in the preparation of the SEM stub increases the length of the deposited
calcareous layer and improves the reproducibility of results. An epoxy resin mixture was then poured
into the mould, to a sufficient depth to completely cover the sample sections. The samples in the
moulds were then placed into an oven at 60 °C for 48 h, to polymerise the resin. After polymerization
and cooling, the surfaces of the cured resin blocks with the cross-sectioned samples were then polished
using a series of successively finer grades of silicon carbide abrasive paper, ranging from 120 to
4000 grade. Samples were then carbon coated prior to examination in the SEM.

All SEM/EDX results presented were obtained from prepared samples, which were examined using
a FEI XL-30 FEG SEM (Hillsboro, OR, USA) with an integrated RONTEC EDX facility running Quantax
Esprit 1.8 analytical software (Bruker Company, Coventry, UK).

2.2. Theory and Calculations

It is well established that during the corrosion of iron or steel under neutral and alkali aqueous
conditions of the marine environment, anodic metal dissolution can be supported by two major
cathodic processes. Firstly, a process that consumes dissolved oxygen and generates hydroxyl ions,

02+ 2H20 +4e” — 40H (1)

and secondly, a process in which hydrogen gas is generated by the reduction of water when the
potential becomes more negative as can be seen from the Pourbaix diagram [18].

2H>0 +2¢” — Ha + 20H" 2)

At potentials less negative than —950 mV (SCE), the predominant cathodic reaction is diffusion
controlled oxygen reduction [19]; and in cases where the potential is more negative than —1100 mV
(SCE), the risk increases of an alternative and additional cathodic reaction occurring, involving an
activation controlled hydrogen evolution from the reduction of water as indicated in Equation (2) [20].

In either case, the production of hydroxyl ions results in an increase in pH of the electrolyte adjacent to
the metal surface. In this way, the increase in pH in seawater will result in the precipitation of insoluble
salts; i.e., CaCO3, Mg(OH)2, and these processes can be described by the following series of reactions:

OH +HCO; — CO3* + H20 (3)
Ca’" + CO3*” — CaCO:3 4)
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Mg?" + 20H™ — Mg(OH): (5)

These reactions collectively give rise to the formation of a calcareous film or deposit on the surface
of the steel. There is general agreement in the literature that calcium carbonate precipitates at a less
alkali pH compared with the pH of magnesium hydroxide precipitation [1,21]. This statement can be
confirmed by simple pH calculation presented below.

The pH of calcium carbonate precipitation can be calculated from the solubility-product constant of
CaCOs that is Kcacos = [Ca?"][CO3%7] = 3.8 x 107 [22] at 20 °C and with knowledge of the typical
concentration of Ca®" in seawater of 1.123 g/1000 g of solution, which is [Ca®"] = 0.01 M. Firstly,
the concentration of CO3?", when CaCOs begins to precipitate, can be calculated:

K
COY |=—%=38x10"M
[cor ] [Ca™] (6)
Secondly, the concentration of OH™ required for calcium carbonate precipitation can be ascertained.
The process of CaCOs precipitation occurs, when CO3*>~ formed during the reaction (3), where the
stoichiometric concentration of OH™ being equal to the concentration of CO3?".
Taking into consideration Equation (6), the concentration of OH™ will be:

[OH-] =[c0§-] ~=3.8x107"M )

Finally, the pH of seawater, during the commencement of precipitation can be calculated from the
constant of water dissociation, K, , = [OH’ ] [H*] =107":

+71 _ 10_14 _ -8
[H ]_[OH’]_2.63X10 M (®)

So the pH, when calcium carbonate begins to precipitate is pH = —log [H'] = 7.58, the value being

lower than the pH of normal seawater. This result apparently indicates that CaCOs is readily
precipitated in normal seawater without the assistance of cathodic protection. However, assuming a
different value for activity coefficients, the calculations give a pH of 8.7 for precipitation of CaCO:s.
This appears to be more consistent with the situation that actually occurs in practice.

Similarly in order to precipitate Mg(OH): with the solubility-product constant Kngomz = 6 x 10710 [22]
and the concentration of [Mg]** = 0.053 M, which is a typical concentration of [Mg]** in seawater
(5.07 g/1000 g solution), a significantly higher pH is required if we compare this with the pH
necessary for CaCOs precipitation to occur. The magnesium hydroxide precipitates according to the

reaction (5) with K\, o = [Mg“][OH’]z :

The concentration of OH™ when Mg(OH): precipitates can be calculated from Kwmgon)2 and will be:

o - [ty - [ v

The [H'] at the commencement of Mg(OH):2 precipitation will be:

107"

)= [OH]

~107"°M (10)
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So the pH for precipitation of Mg(OH)z2 is around 10.

Previously, Engell and Forchhammer [23] predict that at 20 °C, Mg(OH)2 would be precipitated at
pH 9.7 and CaCOs at pH 7.27.

When steel is under cathodic protection in seawater, the pH near the steel surface slowly becomes
more alkaline due to oxygen reduction [2] and the deposition of calcium carbonate is expected to occur
first. In previous studies [3,5,6,17] it was demonstrated that the compound that is initially precipitated
next to the iron-containing corrosion products is possibly brucite (Mg(OH)2), and not calcium-rich
aragonite (calcium carbonate, CaCOs3). The presence of brucite in the vicinity of iron hydroxides might
be explained by the co-precipitation of brucite during the formation of corrosion products when steel
corrodes. The possibility of co-precipitation is based on the work by Packter and Derby [24] who
established and examined the mechanisms of co-precipitation of magnesium and iron hydroxides from
aqueous solution using potentiometric titration.

Iron hydroxide precipitates at a significantly lower pH compared to that of CaCOs3 and this pH can
be calculated from the solubility-product constant [22], K, = 6.3x107* of ironhydroxide and the
reaction of hydroxide formation Fe** + 30H = Fe(OH)s, assuming that theconcentration of
[Fe**]=0.01 M (the concentration of Fe** has been chosen to be similar to the concentration of Ca®" in
seawater), the concentration OH™ and H" during iron hydroxide precipitation will be:

K. 6.3x107*
OH |= <O, =§/ =1.8x10"°M
I: :' i/l:Fe3+:| 10—2 (11)
—14
[H* :L:5.4x10'3M (12)
o]

The pH for precipitation of Fe(OH)3 is pH = —log [H"] = 2.26.

For the situation where iron (III) hydroxides will be formed due to corrosion of steel in oxygenated
seawater, Mg(OH)2 might be precipitated together with iron (III) hydroxides at a pH as low as 2.26,
and hence well before precipitation of CaCOs.

Mg(OH), and Iron oxide

Figure 1. Schematic diagram of calcareous film formation on mild steel during cathodic
protection in artificial seawater [25].

The above calculations are necessary to support the explanation of the formation of the thin
Mg(OH): inner layer in the presence of corrosion. This occurs during the early stages of calcareous
deposition and within the pores of the deposits. A schematic diagram [25] that illustrates the process of
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calcareous film formation on a cathodically protected mild steel surface in seawater is presented in
Figure 1. The diagram takes in consideration partial steel dissolution within the areas where Mg(OH):2
co-precipitates with corrosion products of iron.

3. Results and Discussion

In conventional cathodically protected submerged sea structures, the recommended optimum range
of protection potential is between —900 and —1050 mV (Ag/AgCl) [26] or =950 and —1100 mV (SCE)
measured against a calomel reference electrode. The system is considered to be under-protected when
potential values are above —800 mV (Ag/AgCl) or =850 mV (SCE) and over-protected with potential
values below —1150 mV (Ag/AgCl) or —1200 mV (SCE). It is common towards the end of the service
life of these structures, or during an interruption of cathodic protection, that the potential becomes higher
than —850 mV (SCE) leading to increased levels of corrosion. In this work the constant current
polarisation is used deliberately to allow the development of corrosion products during the early stages
of cathodic protection and, in some cases, through the entire polarisation. For all levels of polarisation
the initial potentials are significantly above the recommended values, ranging between —530 and
—640 mV (SCE). The potentials are reduced below —850 mV (SCE) after 1 h of polarisation at 150, 200,
300 and 400 mA-m 2. However steel remains under-protected at 50 and 100 mA-m 2 during the first
168 h and beyond.

3.1. Examination of Calcareous Deposits by SEM with EDX

The SEM micrographs and corresponding overlaid Energy Dispersive X-Ray Analysis (EDX)
element distribution maps for Mg, Ca and Fe of the cross-sectioned samples subjected to the four
different current densities are presented in Figure 2. The dark green area is magnesium containing,
the pink area is calcium containing, and the red region is base iron metal or iron oxide.

The deposit layers formed at any level of cathodic protection are well defined, intact and adherent
both to steel substrate and to each other (Figure 2). The variation in total thickness of deposition is in
the range of 30 and 50 um and is observed to a larger extent along the steel surface compared to that of
the level of cathodic protection. Furthermore, the magnesium containing layers are frequently found to
be associated with iron. The magnesium-containing layer is clearly present above corrosion products
of iron (Figure 2a) or above the metal surface that has some degree of hydrated iron oxide formed
during steel corrosion (Figure 2b).

For under protected steel with deposition at lower current density of 100 mA-m~2 and the steady
potential of around —840 mV (SCE) the presence of local areas filled with corrosion products is a clear
indication of the occurrence of anodic iron dissolution, where the precipitation of iron hydroxides is
inevitable at a pH of 7.5. The presence of a relatively thick layer (thickness of about 30 pm) containing
magnesium above iron hydroxides suggests co-precipitation of magnesium and iron hydroxides at
localised sites on the steel surface. The presence of magnesium rich areas reveals sites of active steel
dissolution when cathodically under-protected conditions are applied (Figure 2a). Mapping the steel
surface for the presence of magnesium can be used in assessing corrosion damage.

For protected steel with deposition at applied current densities of 150 and 200 mA-m 2 with
potentials of around —895 and —950 mV (SCE), respectively, the thin magnesium containing layer
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(thickness of about 10 pm) with incorporated iron is observed near the metal surface with the thick layer
of calcium rich compound (thickness of about 30 and 50 pum, respectively) formed above it (Figure 2b,c).
The presence of the magnesium-containing layer near the metal indicates a small level of iron
dissolution, which leads to the formation of a mixture of iron and magnesium hydroxides. This occurs
prior to the protection provided by calcium carbonate, which deposits when the pH increases to above 8.7.
Additionally, the magnesium rich compound only is observed within occasional pores indicating a
significant pH increase above 10 and preferential precipitation of magnesium hydroxide within those
pores during the formation of calcareous deposit layers. The high pH suggests that the reduction of
oxygen proceeds at the bottom of the pore and associated mass transport processes lead to a fast pH
increase compared with the pH at the deposit-seawater interface. Defined sites of oxygen reduction
during the formation of layers usually correspond to areas of initial anodic dissolution of the steel, since a
large amount of iron rich compound is present at the bottom of the pore (Figure 2a). This evidence is
used in developing the impedance model, where “active” pores propagate through both layers of deposit
and provide sites for steel corrosion, oxygen reduction and mass transport of active species.
Some magnesium rich areas can be observed within the bulk of calcium containing layer (Figure 2c).
The latter can be explained by cross-sectioning the large convoluted pore away from the surface of
the metal; this reveals isolated areas of magnesium-rich compound within the calcium carbonate.

Tirs e i
MAG: 500 X HV: 20.0 KV WD: 10.3 mm

[sE| (Mgl S E”M—E.‘V- -
(©) @

Figure 2. Secondary electron micrographs and corresponding overlaid Energy Dispersive
X-Ray Analysis (EDX) element distribution maps for Fe, Mg and Ca of cross-section of
calcareous deposit formed after 144 h immersion in seawater at applied current densities of:
(a) 100 mA-m%; (b)150 mA-m2; (¢) 200 mA-m%; (d) 300 mA-m 2.
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For steel subjected to 300 mA-m 2 and the potentials of —1050 mV (SCE) (Figure 2d), a high level
of alkalization near the metal surface is inevitable and is associated with the commencement of
hydrogen evolution, which proceeds on the steel at the beginning of polarisation, and within the pores
and cracks of the deposits after their formation. At this stage hydrogen evolves in the form of
microscopic bubbles, as there is no detachment of the deposits. Under such conditions deposits have
a not so well defined double layer structure with a preferential formation of a magnesium-rich
compound near the surface at the early stages of polarisation, and within the developing pores and
cracks of calcareous deposition later on.

Currently, the presence and formation of a thin inner layer of magnesium hydroxide on the steel,
under cathodic protection, is attributed to a high level of alkalisation (above 10) near the surface due to
the reduction of oxygen and at very low potentials, due to the process of water reduction [2,5,6,15].
This statement is very well justified for cathodically protected steel, which has no evidence of corrosion.
In a situation when corrosion proceeds in seawater, the hydrolysis of water results in the formation of
iron (II and III) hydroxysalts, more commonly known as green rust [8,9,27]. It is a known fact that
the formation of corrosion products leads to acidified conditions near the surface of corroding steel
promoting further dissolution of iron. For example, the measurement of pH near the surface of a
corroding sea wreck indicated a pH variation in the range of 4.2—7.9 while seawater had an average pH
of 8.4 [28].

This work demonstrated the presence of an inner magnesium-containing layer, together with
corrosion products, and the ready formation of magnesium hydroxide above corrosion products within
the pores of the deposit under all levels of cathodic polarisation from 50 to 400 mA-m 2. This can only
be explained by the initial co-precipitation of magnesium and iron hydroxides at a pH lower than expected,
and below a pH of 7.3 (commencement of calcium carbonate precipitation). The post-precipitation of
magnesium hydroxide is possible over mixed magnesium-iron hydroxysalts at later stages of precipitation.
Once precipitated, the magnesium hydroxide is only slightly soluble and does not re-dissolve [29].
Co-precipitation of magnesium and iron (III) hydroxides is known at pH as low as 3.5 [24] and since
ionic radiuses of magnesium (II) and iron (III) are similar (0.64 A), it is more likely the mechanism of
co-precipitation is inclusion, which represents the most efficient co-precipitation method that produces
mixed crystals [30]. It was recently proposed to use magnesium hydroxide in the mining industry for
the removal of acidity and metals from drainage water [31]. The latter paper illustrated an increased
rate for oxidation of iron (II) to iron (III) and the precipitation of iron (III) hydroxide at a pH of around
5.5-6 on the addition of magnesium hydroxide to water. Equilibrium between soluble/insoluble phases
of magnesium hydroxide, which supported oxidation and precipitation of iron, is directly relevant to
the mechanism of formation of calcareous deposits on steel under cathodic protection.

Overall, the SEM and EDX results obtained from samples under all cathodic protection levels
revealed that the deposits were composed of two layers (inner layer was magnesium-rich whilst the
outer layer was calcium-rich) with a clear boundary and occasional pores running through the layers
filled with a magnesium-rich compound providing sites for reduction—oxidation and associated mass
transport. These results were in agreement with previous findings [3,5,6,15] and provided the basis for
the design of equivalent circuits utilised during analysis and the modelling of impedance data.
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3.2. Study of the Calcareous Deposit Formation by Electrochemical Impedance Spectroscopy

A double-layered structure of deposition, with a limited amount of “active” pores, is used for
modelling our system. The electrochemical behaviour of mild steel under conditions of cathodic
protection with on-going electrochemical anodic and cathodic processes is based partly on the models
proposed by Deslouis [10,11] and Chung [32].

The Deslouis model had already been used for the interpretation of corrosion resistance of mild
steel under cathodic protection in the presence of a calcareous deposition, which partially covered the
surface (Figure 3a). In this model the properties of the continuous film were represented by a parallel
combination of film capacitance and resistance, Cr and Ry, respectively, together with a charge transfer
resistance Rct, and a double layer capacitor Ca, and collectively these represented the corrosion
processes proceeding at the metal interface. The aforementioned work also introduced an additional
parallel combination of R4 and Cd4 to mimic the uncovered areas (pores) of the surface. However,
this model did not take into consideration the formation of corrosion product within the film.

Rs Cr

(a)

Router Cinner

Figure 3. Equivalent circuits of the models used previously: (a) the equivalent circuit
of original Deslouis’s model [3]; (b) the equivalent circuit of Chung’s model [32];
(¢) the equivalent circuit of Barchiche and Deslouis’s model [14].

The model introduced by Chung [32] had been used for the description of the corrosion resistance
of an anodic porous coating formed during spark anodising on zinc in NaCl solution. According to this
model the coating film consisted of outer and inner layers where the pores of the inner layer were filled
with corrosion products formed during metal dissolution at the interface (Figure 3b). This model,
or a modification of it, was considered as a possibility to explain our data.

The original Deslouis [10] model did not consider the occurrence of cathodic electrochemical
processes, which clearly should have a significant contribution to the impedance of cathodically
protected steel. A second and subsequent model from Deslouis and co-workers [14] showed that the
corrosion filmed on mild steel under natural immersion conditions in NaCl solutions can be modelled
by equivalent circuits with anodic and cathodic branches being in parallel with a double layer capacitor Cai.
The anodic branch was represented by the anodic charge transfer resistance Rct, and the cathodic
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branch was under mixed control and comprised the resistance of the charge transfer reaction Re,
together with a diffusion limited Warburg impedance W. (Figure 3c).

Analysis of our EIS data reveals that in most cases the impedance spectra consists of three
semicircles with two semicircles of relatively small diameters probably associated with the properties
of the calcareous film observed at higher frequencies, and one semicircle of large diameter associated
with dissolution (corrosion of steel) followed by a straight line turning into a semicircle at lower
frequencies. Figure 4 gives a typical example for a Nyquist plot obtained for a sample using a current
density of 150 mA-m 2 over 72 h immersion in artificial seawater together with a modelling curve and
a schematic diagram of the model proposed in Figure 5. Schematic diagram is based on the total

impedance of the system presented by equation:
Z((D) =Rs+ [j(DCouter + (Router + {j(DCinner + [Rinner + (j(DCdl + Ra71 + Wc71)71]71}71)71]71 (13)
when ® — 0 Z((D) = Rs + Router + Rinner + (RaWC—R)/(Ra + WC—R).
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Figure 4. The Nyquist plot obtained for a mild steel sample at 150 mA-m2 over 72 h
immersion in artificial seawater and plotted together with modelling curve based on
equivalent circuit of Figure 5.

From Figure 5, our model comprises a solution resistance Rs and a two layered deposit. The outer
layer Louter 1s a calcium rich layer; and the inner layer Linner is @ magnesium and iron rich layer.
The outer layer Louter is considered to be porous and is characterised by a parallel combination of a
capacitor Couter Which is directly associated with the thickness of the calcium containing deposits, and a
pore resistance Router Which is defined by the resistance of all of the pores. The inner compact layer Linner
and the corroding steel are introduced into the equivalent circuit, which is in series with Router. The Linner
is also characterized by a parallel combination of a capacitor Cimer that determined by thickness of
inner layer and a resistance Rimer, which determined the ionic path to the metal substrate. The Rinner is
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different from Router by the value of conductivity and the true area of conduction. The corroding
interface is characterised by a parallel combination of a double layer capacitor Ca, charge transfer
anodic resistance Ra, and a finite-length impedance of diffusion W., which represents the cathodic
process. To simplify our already complex equivalent circuit, the resistance of cathodic charge transfer
reaction is considered small and the system is totally mass transport controlled unlike the model used by
Bonnel (see Figure 3¢). The quality of our data fit (Figure 4) clearly shows the validity of the model
chosen and as an example the best fit result for equivalent circuit elements at 150 mA-m ™ is presented
in Table 2.

Rg lC::)uter
VaVe 11
Router ‘C‘inner
i

Rinner

Figure 5. Equivalent circuit for mild steel in artificial seawater under cathodic protection,
where Rs—resistance of the electrolyte; Coute—capacitor associated with calcium
containing layer; Router—resistance associated with ionic conduction through the
occasional pores; Cimer—capacitor associated with magnesium containing layer;
Rinmne—tesistance associated with ionic conduction through this layer; Ca—capacitor of
double layer on metal/deposit interface; Ra—anodic charge transfer resistance;
Wece—cathodic finite-length Warburg impedance.

Analysis of equivalent circuit elements for the applied current densities (as an example see Table 2)
indicates that the contribution of the inner and outer layer to the impedance of the system is less than
1% compared to the contribution of impedance associated with diffusion of cathodic active species
through the layers and the impedance of anodic dissolution on the metal-deposit interface. Therefore
the analysis of impedance data is focused on diffusion and anodic dissolution. The cathodic processes
on the steel surface are described by the open finite-length Warburg impedance (open Warburg
element) since diffusion of the electrochemically active species (oxygen) is thought to be a limiting
stage of the cathodic process. The oxygen concentration near the metal interface is fixed and constant
due to the slow diffusion of oxygen through the deposits of active pores. The open Warburg element is
characterised by two parameters a Wc-r/Q-cm?-s %> and Wc.t/s *°. The equation for open Warburg
element is:

W.(0)=W,_,x tanh(WC_T X (]'o))o'5 )/(WC_T x(joa)o's) (14)

The open Warburg element on Nyquest plot will be a straight line with a 45° gradient at high
frequencies (o > 2/Wc.t?) which will turn to a semicircle at very low frequencies, with o approaching
to 0. The Wcr parameter is the Warburg coefficient, which defines diffusion resistance and can be
used to calculate a diffusion coefficient for the mobile species within the deposits. The Wc-t parameter
is a time constant which defines the time required for the species to diffuse through the deposits:
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We.r =h x D% where h is the thickness of deposit and D is a diffusion coefficient of active species.

The data, which has been extracted from our model, show an excellent fit with the open

Warburg element.

Table 2. Best fit results for equivalent circuit elements at applied current density of

150 mA-m™2.

Immersion Time/h 6 24 48 72 96 120 144 168
Ry/Q-cm? 12.3 13.6 12.1 9 10.5 9.8 10.8 11.8
Couter/F-cm™ 21%x10°% 1.1x10°% 06x10°% 24x10°% 34x10° 26x10° 32x10° 13x10°

Router/Q-cm? 7.4 10.7 14.6 6 54 6.8 6.3 9.8
Cinner/F-cm™ 43x10° 52x10° 45x10° 43x10° 35x10°% 37x10°% 34x10°% 36x10°
Rinne/Q-cm? 58 55 67 28 34 48 41 61
Wcr/Q-cm? 7400 7400 8900 7900 9000 10,000 8800 7800
We/s 03 2.8 4.4 4.6 3.6 43 5 5 35
R/Q-cm? 100,400 130,000 15,400 14,900 13,800 14,600 22,200 14,300
Caq/F-cm™ 26x10° 37x10° 28x10° 32x10° 24x10°% 25x10°% 25x10°% 23x10°

The variation of cathodic parameters Wcr and We.r over immersion time at different current

densities is given in Tables 3 and 4 and the variation of anodic charge transfer resistance, Ra is

presented in Table 5. Generally, the Warburg coefficient Wcr increases with current density up to

200 mA-m 2 followed by a significant reduction for current densities 300 mA-m2 and above. This

behaviour coincides with reduction in We.r values (Tables 3 and 4). The Ra increases with an increase in

applied cathodic current density. The conditions (current density and immersion time) where anodic

charge transfer resistances Ra are very high and above 100,000 Q-cm? (highlighted in the grey in

Table 5), anodic iron dissolution is negligible or impossible. In the latter case the electrochemical

potential of the system is below the redox potential of iron. The resistance, Ra of over 10,000 Q-cm? has

been arbitrarily chosen as a measure of full cathodic protection. It was confirmed that the anodic charge

transfer resistance is clearly associated with iron dissolution, and closely follows weight loss experiments

used in the calculation of corrosion rate [17]; as the resistance increases so corrosion rate decreases.

Table 3. Values of cathodic diffusion resistance Wc.r/Q-cm?-s %> with immersion time at

different applied current densities.

Immersion Time/h 6 24 48 72 96 120 144 168
50 mA-m 2 3000 5800 4800 4300 4300 3700 2100 3300
100 mA-m2 3100 5200 6900 8100 6800 7300 7500 7900
150 mA-m2 7400 7400 8900 7900 9000 10,000 8800 7800
200 mA-m 2 6900 10,600 8800 7300 8700 11,100 10,000 9000
300 mA-m 2 4100 4000 3300 2400 2600 2200 2000 1800
400 mA-m> 3100 2000 2500 1400 1100 1400 1000 1000
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Table 4. Values of Wc-t/s %> with immersion time at different applied current densities.

Immersion Time/h 6 24 48 72 96 120 144 168 Average Wc.tr between 24 and 168 h

50 mA-m? 1 3 33 32 36 33 4 32 34
100 mA-m 33 1.7 33 28 23 3 3.7 22 2.7
150 mA-m2 28 44 46 3.6 43 5 5 3.5 43
200 mA -m? 2.1 7 43 37 36 58 73 86 6.2
300 mA-m> 14 22 14 06 11 07 08 038 1.1
400 mA-m2 22 1.7 14 06 06 08 0.6 0.6 0.9

Table 5. Values of anodic charge transfer resistance Ro/Q-cm? with immersion time at

different applied current densities.

Immersion Time/h 6 24 48 72 96 120 144 168
50 mA-m 3100 4000 3500 3100 5700 3100 2400 2600
100 mA-m™ 58,700 20,000 8000 9600 6600 8800 10,000 20,000
150 mA-m™ 100,400 130,000 15,400 14,900 13,800 14,600 22,200 14,300
200 mA-m 1.15 x 10" 2.8 x10'° 34,600 10,300 23,800 12,000 25,000 30,000
300 mA-m2 1 x10%° 1 x10% 1x10%° 1x10° 1x10° 1x10® 1x10®° 1x10%
400 mA-m 1 x10%° 1x10% 1x102° 1x10° 1x10° 1x10® 1x10*° 1x10%

For under-protected steel with an applied current density of 50 mA-m2, oxygen diffusion, oxygen
reduction and iron dissolution proceed simultaneously. The values of Ra are fairly low, being between
2400-5700 Q-cm?, the values of Wcr are in the range of 2100-5800 Q-cm?-s%° and Wc.r are
between 1 and 4 s™*°, which is relatively high (Tables 3-5). High values of Wc.t indicate that the oxygen
reduction process needs to be considered in modelling at low current densities when the system is
probably under mixed activation/diffusion control.

Increasing the current density to 100 mA-m™?2 results in slow steady increase in Wcr from 3100 to
8100 Q-cm?-s*3 during first 72 h immersion, then Wc-r reduce to 6800 Q-cm?-s % after a further 24 h
immersion (total 96 h), before increasing again to almost 8000 Q-cm?-s % after 168 h immersion. The
pattern of increasing Warburg coefficient followed by sudden decrease and subsequent increase is most
likely explained by the slow thickening of deposited layers during first 72 h followed by sudden
detachment of local regions of calcareous film at 96 h with further re-growth in the remaining 168 h.
Detachment is possible due to the slow formation of the deposit under a relatively low current density.
The thickness of layers is 12 pm and was calculated from average Wc.t of 2.7 s °3 and the diffusion path
of the active specie (oxygen), with the diffusion coefficient of oxygen D = 2.25 x 10 °cm-s™! [33].
Interestingly, the Ra varied between 6600 and 58,700 Q-cm?, where the lowest value of 6600 Q-cm? is
observed after 96 h of immersion, indicating an increased rate of corrosion. This further confirms
possible detachment of the protected film at that point.

The impedance data for the two intermediate current densities of 150 and 200 mA-m2 show
excellent corrosion resistance with Ra being above 10,300 Q-cm? for the entire immersion time. The
weight loss results clearly show that the metal dissolution is negligible at these current densities.
Initially, after 6 h of immersion, the Wcr values is 7400 and 6900 Q-cm?-s %, respectively, compared
to 3100 Q-cm?*s % observed at 100 mA-m 2. This indicates a relatively fast film formation under such
conditions. The film continues to grow over time achieving the maximum value of 11,000 Q-cm?-s ™%
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The average diffusion paths of oxygen calculated from the average Wc-t values for 150 mA-m2 and
200 mA-m 2 are 20 pm and 29 pm, respectively. The calculation with use of Wc.t values (5 s> and
8.6 s7%°) close to the end of immersion time (144 h and 168 h) results in oxygen diffusion paths of
24 um and 41 pm, respectively, which are very close to the thickness of deposits measured directly
from SEM cross-section (Figure 2b,c).

For the steel under cathodic protection of 300 and 400 mA-m2, the values of anodic resistance Ra
tend to infinity, indicating that the anodic dissolutions of iron has ceased. This conclusion is in
agreement with values of cell potential of —1050 mV (SCE) at 300 mA-m 2 and —1100 mV (SCE) at
400 mA-m 2, respectively, those potentials being significantly below the redox potential of iron. The
We-r values are reduced and are in range of 1000 and 4100 Q-cm?-s™%3. The oxygen diffusion paths,
calculated from the average Wc-r values for 300 mA-m 2 and 400 mA-m 2, are 0.5 pm and 0.4 um,
respectively. The significantly reduced cathodic parameters are a result of neglecting the
commencement of hydrogen evolution in the impedance model where an additional resistance assigned
to activation controlled water reduction should be introduced parallel to the Warburg impedance.

The modelling of impedance data used in this work allows successful calculation of corrosion
resistance of the steel for wide range of cathodic protection levels covering under-protected, fully
protected and over-protected conditions. Additionally the thickness of the deposited layers is
calculated reliably for steel under fully protected conditions of cathodic protection.

4. Conclusions

It is confirmed that calcareous deposits are formed under all conditions of cathodic protection, e.g.,
partly protected, fully protected and protected with some level of hydrogen evolution.

The formation of deposits is assisted by the pH increase and begins with the co-precipitation of
magnesium and iron hydroxides followed by calcium carbonate, producing a double-layered
deposition. At later stages of calcareous deposit formation under conditions of partial protection the
magnesium hydroxide precipitates within the pores and cracks above corrosion products. The ability of
magnesium hydroxide to precipitate together with corrosion products formed in oxygenated seawater
can be used to assess the level and location of corrosion damage of under-protected installations.

The variation in corrosion resistance of cathodically protected steel is assessed in sifu by
electrochemical impedance spectroscopy with modelling based on the knowledge of elemental
distribution within the deposition obtained from SEM/EDX investigations. It is found that the
contribution of deposit layers to total impedance of the system is less than 1% compared with the
contribution of oxygen diffusion through the layers, and the contribution of metal resistance to
dissolution. Resistance to dissolution (the anodic charge transfer process of iron dissolution) is steadily
increased with the level of cathodic protection and becomes infinitely large at high current densities;
a resistance over 10,000 Q-cm’? provides full cathodic protection. Open finite length diffusion
Warburg impedance is employed in assessing diffusion of oxygen through the deposit layers.
The length of the oxygen diffusion paths has been calculated and correlated well with an average
thickness (30—50 um) of deposits formed under conditions of full cathodic protection and measured
directly from SEM micrographs.
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