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Preface to ”Corrosion and Protection of Steels in

Marine Environments: State-of-the-Art and Emerging

Research Trends”

How and why did the book come about?

During times when so many academic publications are available to the public through open

access, it is important for those who are more attuned to the cutting edge of a particular scientific

field to put forward a formal recommendation on the works of those that have made a noticeable

contribution to the niche field of marine corrosion science. Therefore, this book came about.

Why were the selected papers and authors chosen over others?

Unfortunately, there is a lack of appreciation for how much risk undetected marine corrosion

could create for many of our existing and new steel infrastructures and devices. Because of the

relatively stealthy and slow nature of corrosion reactions, it is difficult to quantitatively appreciate

their consequences. To this end, various researchers around the world have researched systems,

methods, and technologies that allow for not only early prediction but also timely intervention

and thus protection for steel structures. Some researchers, such as the various authors and their

teams selected for this Special Issue have accumulated so much experience and knowledge that a

compilation of their work for exposure to a wider audience is certainly prudent.

How and why was the book organized/written?

Aiming to target a wider scientific and engineering-focused audience, this book gathered

research papers focused on marine corrosion (and protection) of iron-based alloys, i.e., steel.

The articles first cover fundamental scientific advancements and understanding of the chemical

and electrochemical kinetics underpinning marine corrosion processes, followed by an advanced

understanding of the uniquely specialized cases of microbiologically influenced corrosion with the

ability to rapidly exacerbate durability losses, with closing works of various advanced protection

systems that can be used in the pursuit of cost-effective practical solutions.

Philippe Refait and Igor Chaves

Editors
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Abstract: This article presents a synthesis of recent studies focused on the corrosion product layers
forming on carbon steel in natural seawater and the link between the composition of these layers and
the corrosion mechanisms. Additional new experimental results are also presented to enlighten some
important points. First, the composition and stratification of the layers produced by uniform corrosion
are described. A focus is made on the mechanism of formation of the sulfate green rust because this
compound is the first solid phase to precipitate from the dissolved species produced by the corrosion
of the steel surface. Secondly, localized corrosion processes are discussed. In any case, they involve
galvanic couplings between anodic and cathodic zones of the metal surface and are often associated
with heterogeneous corrosion product layers. The variations of the composition of these layers
with the anodic/cathodic character of the underlying metal surface, and in particular the changes in
magnetite content, are thoroughly described and analyzed to enlighten the self-sustaining ability
of the process. Finally, corrosion product layers formed on permanently immersed steel surfaces
were exposed to air. Their drying and oxidation induced the formation of akaganeite, a common
product of marine atmospheric corrosion that was, however, not detected on the steel surface after
the permanent immersion period.

Keywords: carbon steel; seawater; localized corrosion; magnetite; green rust; iron sulfide

1. Introduction

Seawater is one of the most complex and aggressive media. Marine corrosion depends on
numerous interdependent parameters and combines chemical, biological and mechanical factors.
The understanding of the influence of each of these parameters and factors is the key to the optimization
of the design of metal structures and devices used in marine environments. It is also the key to the
optimization of anticorrosion methods and materials performance. Localized corrosion is a particularly
insidious degradation phenomenon and thus a hazard for metal structures integrity. Severe localized
degradations may induce major industrial failures while consuming a very small amount of materials.
In seawater, owing to various combined factors such as materials heterogeneity (grain boundaries,
inclusions, welds . . . ) [1–5], differential aeration [6–9], and biological activity [10–18], the corrosion
processes of carbon steels, though commonly acknowledged as being mainly uniform, are often
localized. The well-known ALWC (Accelerated Low Water Corrosion) phenomenon, which combines
differential aeration and bacteria consortium activity [15,17], perfectly illustrates this point.

Carbon steels are widely used materials for marine applications. They are massively produced
(~1.8 × 109 tons worldwide in 2018 [19]) and are actually inexpensive while they offer good mechanical
properties. They also mainly suffer uniform corrosion and were studied for decades so that their
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corrosion rate can be modeled and their lifetime predicted with rather good accuracy in various
marine environments. The phenomenological model proposed by Melchers et al. [20–22] was designed
via a thorough analysis of numerous data. It is based on the description and understanding of the
mechanisms of the uniform corrosion process of iron-based materials. It aims to predict the short and
long-term behavior of steel structures permanently immersed in seawater and forecast reliably the
lifetime of these structures.

Microbiologically influenced corrosion (MIC) is often considered the main reason for the
non-uniformity of carbon steel corrosion in seawater [10–18]. The biofilm that forms on any material
immersed in seawater is intrinsically heterogeneous and leads to the coexistence of aerated and
deaerated zones, creating aeration cells and favoring the growth and activity of harmful microorganisms.
Electroactive bacteria may even uptake electrons from the metal and thus influence directly the
corrosion rate [23–25]. However, if sulfate-reducing bacteria (SRB) develop initially in deaerated zones
because they are anaerobe microorganisms and favor temporarily localized corrosion processes, they
rapidly colonize the whole metal surface [26], which ultimately leads again to more or less uniform
corrosion [22,26].

The solid corrosion products forming on the steel surface are the primary consequences of the
dissolution of the metal. They can strongly affect the ongoing corrosion process. First of all, they form
a physical barrier between metal and environment and therefore contribute to the protection of the
metal, because they hinder the transport of dissolved oxygen from seawater to the metal surface [20,21].
Secondly, they are porous and thus offer a unique habitat for microorganisms that can develop in a
specific environment [26–31]. Thirdly, some phases are electronic conductors, e.g., magnetite [32–34]
and iron sulfides [16,23], which can favor galvanic cells. The composition of the corrosion product
layer also varies with the exposure zone [26,35–42] and may change in the long term [43].

This article reports recent advances in the understanding of localized corrosion processes of carbon
steel permanently immersed in natural seawater, obtained through a detailed analysis of the corrosion
product layers [26,30,36,41,42,44]. These layers, formed on steel surfaces in laboratory experiments or
seaport exposure sites, reflect the complexity of iron chemistry in natural seawater. Their composition
differs in anodic and cathodic zones [9,41,42] so that they participate actively in the persistence of
corrosion cells and favor localized corrosion processes [41].

2. Materials and Methods

2.1. Materials and Exposure Sites

The article is focused on results obtained with natural seawater. Actually, the complex mechanisms
involved during marine corrosion cannot be fully reproduced via laboratory experiments using
artificial seawater.

The results discussed here were obtained with coupons immersed in three main exposure sites.
Two of these sites were set in seaports of La Rochelle (Atlantic Ocean, France). In one site (Les Minimes
marina), the coupons were immersed at constant immersion depth (~50 cm). In the other site (cargo
port), the immersion depth, i.e., the distance between coupon and atmosphere, varied with the tide,
between a few centimeters and ~5 m. The third site was the Naval Group Research laboratory in
Cherbourg (English Channel, France). In this facility, natural seawater is pumped directly from the
English Channel to flow continuously at a rate of 100 L/h through the electrochemical cells. In this last
case, the steel coupons were 5–10 cm distant from the seawater/air interface so that differential aeration
phenomena could be induced and favored localized corrosion. However, the results obtained in each
site proved comparable so that general trends could be deduced. More detailed information on the
exposure conditions can be found in the original articles [26,30,36,37,40–44].

It is also worthy to recall the average composition of seawater. The study of the water flowing
through the Naval Group Research lab in Cherbourg led to the following composition (main ionic
species only): [Cl−] = 19 g kg−1, [SO4

2−] = 2.7 g kg−1, [HCO3
−] = 0.14 g kg−1, [Na+] = 10 g kg−1,
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[Mg2+] = 1.3 g kg−1, [Ca2+] = 0.41 g kg−1 and [K+] = 0.4 g kg−1. It clearly shows that seawater is not,
in any case, a simple NaCl solution, and the role of various other species, e.g., SO4

2−, Ca2+, Mg2+,
and HCO3

−, is clearly illustrated by the composition of the mineral layers covering carbon steel in
seawater [26,30,36,41,42]. Note also that the alkalinity of seawater (pH measured between 8.0 and 8.2
at Naval Group Research lab), is mainly associated with the presence of hydrogencarbonate ions.

The present article describes the behavior of carbon steel and thus does not deal with the influence
of alloying elements. More precisely, the article relates to studies performed with three main materials.
The first one is the alloy typical of sea harbor steel sheet piles, i.e., carbon steel S355GP. The other
alloys are S355NL and TU250B carbon steels. The composition of each steel grade is given in Table 1.
The slight observed differences, e.g., less carbon and manganese and more copper for TU250B, did not
lead to detectable effects [41] so that it can be considered that the composition of the corrosion product
layer does not depend, or only marginally, on the considered carbon steel grade. This is also illustrated
by the results obtained with different carbon steel alloys [26,30,36,41,42]. Experimental details about
the preparation of the carbon steel samples can be found in the original articles [26,30,36,37,40–44].
In any case, the steel surface was shot blasted to remove any trace of previous rusting or mill scale and
degreased with acetone.

Table 1. Composition (wt. %) of the three carbon steels used in this study (nominal composition for
S355GP or as given by the manufacturer, i.e., Arcelor-Mittal for S355NL, and Vallourec for TU250B),
rest = Fe.

Carbon Steel C Mn P S Si Al Cr Cu Ni

S355GP ≤0.27 ≤1.7 ≤0.055 ≤0.055 ≤0.6 0.02 - - -
S355NL 0.17 1.4 0.015 0.005 0.21 0.02 0.02 0.01 0.02
TU250B 0.12 0.6 0.017 0.006 0.22 - 0.08 0.19 0.09

2.2. Characterization of the Corrosion Product Layers

The characterization of the corrosion product layers requires that samples are preserved from
oxidation by air (or more exactly oxygen). This important point is developed in the article (Section 5).
In the lab, the samples can be kept in a freezer (−24b ◦C), a simple procedure that hinders the
oxidation of Fe(II)-based corrosion products that are reactive towards oxygen [40–42]. This frozen state
moreover facilitates the sampling of small slices of corrosion product layers that can be easily handled.
Once warmed up, these solid slices transform to sludge due to their high content of water.

The thorough and unambiguous characterization of the phases present in the corrosion product
layers cannot be achieved using a single analytical tool. Moreover, the characterization techniques
must be adapted to the particular nature of the layers that are thick, heterogeneous, and very porous.
The pores are filled with water, microorganisms, and organic matter. When analyzing a corrosion
product layer, the first objective is to identify all the crystalline solid phases that constitute this layer.
This can be achieved using X-ray diffraction (XRD). Another technique must at least be used to
characterize amorphous, nanocrystalline or poorly crystallized compounds. The second objective is to
determine how the various compounds are distributed inside the corrosion product layer, in particular,
to establish if there exists some kind of stratification from metal to seawater. A local method such as
μ-Raman spectroscopy (μ-RS) is adequate for that purpose. μ-RS is moreover suitable for the analysis of
wet (and even immersed) samples and the characterization of non-crystalline matter. The combination
of μ-RS with XRD, used in various works [26,30,36,37,39–44], is then a minimal requirement.

μ-RS analysis was performed in any case at room temperature using a Jobin Yvon High Resolution
Raman spectrometer (LabRam HR or LabRam HR evo) equipped with a confocal microscope and a
Peltier-based cooled charge-coupled device (CCD) detector. Two laser sources were used indifferently,
a solid-state diode-pumped green laser (532 nm) or a He-Ne laser (632.8 nm). The laser power must
be reduced down to 10% (0.6 mW), and in some cases, even to 1% (0.06 mW), of the maximum to
prevent the transformation of the analyzed compounds into hematite α-Fe2O3. This transformation
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can take place due to excessive heating, as observed for Fe(III)-oxyhydroxides [45] and magnetite
Fe3O4 [45,46]. The acquisition time was variable and depended on the nature of the analyzed phase.
It was generally equal to 60 s but could be increased up to 2 min to optimize the signal to noise ratio.
At least 20 zones (diameter of 3–6 μm) of a given sample were analyzed through a 50× long working
distance objective (50 × LWD). A motorized XY stage was used in order to focus on the different zones
of the sample and determine the possible organization/stratification of the corrosion product layer.
Most of the investigations could be performed without specific protection from air, which was possible
because the time required for analysis was short and samples remained wet during analysis, which
delays oxidation.

X-ray diffraction (XRD) analysis was performed with an Inel EQUINOX 6000 diffractometer,
using a curved detector (CPS 590), with the Co-Kα radiation (λ = 0.17903 nm) at 40 kV and 40 mA.
The CPS 590 detector is designed for the simultaneous detection of the diffracted photons on a 2θ range
of 90◦. The analysis was performed with a constant angle of incidence (5 degrees) for 30 to 60 min
depending on the sample. To prevent the oxidation of Fe(II)-based compounds during preparation and
analysis, the samples were mixed with a few drops of glycerol in a mortar before being crushed until a
homogenous oily paste was obtained. With this procedure, the various particles that constitute the
sample are coated with glycerol and thus sheltered from the oxidizing action of O2 [47]. Glycerol may
only give rise to a very broad “hump” visible on the XRD pattern between 2θ~25◦ and 2θ~35◦ [48].

XRD and μ-RS results are displayed throughout the present article to illustrate the complexity of
the corrosion product layers formed on carbon steel in natural seawater.

3. General Features of the Corrosion Product Layer

3.1. Stratification of the Corrosion Product Layer

After several years in natural seawater, the surface of carbon steel structures permanently
immersed in natural seawater is covered by a corrosion product layer itself covered by biofouling.
Figure 1 displays the main features of the layers formed on carbon steel coupons after 6 to 11 years of
immersion [36,41,42,44].

Figure 1. Schematic representation (cross-section) of the layer covering a carbon steel coupon after
6–11 years of permanent immersion in natural seawater.

The corrosion product layer can be several millimeters thick, reaching locally a thickness of
1 cm or more. Under the biofouling layer that may incorporate mineral compounds (sand, clay,
fragments of shells) and macro-organisms, an orange-brown corrosion product layer is generally seen.
This is the outer stratum, mainly composed of Fe(III)-oxyhydroxides (FeOOH). Lying underneath
is found the inner stratum, characterized by a black color, that is in contact with the steel surface.
This inner stratum is mainly composed of Fe(II)-based corrosion products, mixed with magnetite
Fe3O4. The Fe(II)-based compounds are reactive towards oxygen and the Fe(III)-oxyhydroxides that
constitute the orange-brown outer layer are the end products of their oxidation by dissolved O2. After
6–11 years in natural seawater, the inner black stratum is much thicker than the orange-brown outer
stratum. This demonstrates that the steel surface and the main part of the corrosion product layer
are no more reached by dissolved oxygen, i.e., that anoxic conditions are met. This explains why
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anaerobe microorganisms develop systematically inside the corrosion product layers and influence
necessarily the corrosion process, as perfectly illustrated by the phenomenological model proposed by
Melchers et al. [17,22]. Dissolved oxygen cannot reach the inner part of the corrosion product layer
because the aerobe microorganisms that colonize the biofouling layer and the orange-brown outer
stratum consume it. The little oxygen that could possibly reach the dark inner stratum would then
react with the Fe(II)-based corrosion products to form FeOOH phases and/or magnetite.

The stratification of the corrosion product layer can be clearly observed as soon as 1–2 months of
immersion [30].

3.2. Composition of the Corrosion Product Layer

Figure 2 shows the XRD pattern of the corrosion product layer that covered a carbon steel coupon
immersed 6 months in natural seawater (Les Minimes marina exposure site, La Rochelle, Atlantic
Ocean). The main crystalline solid phases that constitute such corrosion product layers are all detected
here. Two Fe(III)-oxyhydroxides, namely goethite α-FeOOH and lepidocrocite γ-FeOOH, are identified.
They constitute the orange-brown outer stratum. Magnetite, the Fe(II,III) mixed-valence oxide Fe3O4,
is identified too. It is present in the inner dark layer. Magnetite can form in anoxic conditions as shown
by thermodynamic data e.g., [49,50]. The overall reaction involves the oxidation of three Fe(0) atoms to
one Fe(II) cation and two Fe(III) cations, and the reduction of four water molecules to hydrogen. It can
be written as:

3Fe + 4H2O→ Fe3O4 + 4H2 (1)

This first process explains the formation of magnetite on or close to the metal surface. However,
magnetite can also be obtained indirectly as an oxidation product of Fe(II)-based corrosion products at
very low oxygen flow rates [51]. This second process explains why magnetite was in some cases mainly
detected at the interface between the inner dark stratum and the outer orange stratum [41], where a
small amount of oxygen can access after having crossed over the outer parts of the biofouling/corrosion
product layer.

Figure 2. XRD analysis of the corrosion product layer covering a carbon steel coupon after
6 months in natural seawater (exposure site: Les Minimes marina, La Rochelle, Atlantic Ocean).
A = aragonite, G = goethite, GR = sulfate green rust, GC = carbonate green rust, GCl = chloride green
rust, L = lepidocrocite, M = magnetite, and Q = quartz. The diffraction lines are denoted with the
corresponding Miller index.
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The other corrosion products identified via the XRD pattern of Figure 2 are green rust (GR)
compounds, namely the sulfate GR, the carbonate GR, and the chloride GR. Green rust compounds
are mixed-valence Fe(II,III) layered double hydroxides (LDH) mainly containing Fe(II) cations (67%
to 75%). In contrast, magnetite contains mostly Fe(III) cations (67% i.e., only 33% of Fe(II) cations).
The crystal structure of GR compounds consists of the stacking of hydroxide layers, built on Fe(OH)6

octahedra, carrying a positive charge because of the presence of the Fe(III) cations [52–55]. So-called
interlayers constituted of anions and water molecules are intercalated between two adjacent hydroxide
layers. Various GRs can be obtained depending on the anions present in the surrounding environment,
and seawater, given its composition, can induce the formation of GR(Cl−), GR(SO4

2−), and GR(CO3
2−).

The sulfate green rust is predominant as revealed by the numerous results accumulated in the
past ten years [26,30,36,41,42]. This is also illustrated in Figure 2 by the higher relative intensity of
the diffraction peaks of GR(SO4

2−). The chloride GR, which could be expected to be the predominant
GR variety because of the high chloride concentration of seawater, was rarely identified or as a very
minor compound. However, the stability of the various GR compounds does not only depend on
the intercalated anion concentration. It depends on the geometry, size, and number of charges of the
anion, or more generally, on any parameter that influences the stability of the LDH crystal structure.
The studies dealing with the affinity of this structure for various anions revealed that divalent anions
were generally preferred to monovalent ones [56–58]. In solutions characterized by large [Cl−]/[SO4

2−]
concentration ratios, it was demonstrated accordingly that GR(SO4

2−) was obtained preferentially to
GR(Cl−) [58].

Other compounds can be identified with the XRD pattern of Figure 2. Quartz, i.e., sand, comes
from the environment. Aragonite, a CaCO3 phase, can also come from the environment as some shells
are made of it. However, its formation may be associated with the corrosion process, as explained in
Section 4.1.

Table 2 lists the compounds positively identified via XRD and/orμ-RS spectroscopy in the corrosion
product layers formed on carbon steel permanently immersed in natural seawater, as reported in
references [26,30,36,41,42,44]. Chukanovite Fe2(OH)2CO3 and greigite Fe3S4 were rarely identified and
do not appear among the products revealed by the XRD pattern of Figure 2. In contrast, mackinawite
FeS is one of the main corrosion products, present in the inner dark layer, but it is not detected either via
the XRD pattern. This is generally the case because mackinawite is mainly found in a nanocrystalline
state and is rarely identified by XRD [26,30,36,41,42,44]. It can however be detected using μ-Raman
spectroscopy [59].

Table 2. List of corrosion products/minerals identified on carbon steel coupons or structures permanently
immersed in natural seawater according to references [26,30,36,41,42,44] and their possible link with
the anodic/cathodic nature of the underlying metal surface.

Compound Name: Chemical
Formula

Importance/Abundance and Localization
Link to Anodic and Cathodic

Zones

Sulfate green rust, GR(SO4
2−):

FeII
4FeIII

2(OH)12SO4·8H2O
Main component of the inner layer Favored in anodic zones

Carbonate green rust, GR(CO3
2−):

FeII
4FeIII

2(OH)12CO3·2H2O
Minor component of the inner layer Favored in cathodic zones

Chloride green rust, GR(Cl−):
FeII

3FeIII(OH)8Cl·2H2O Minor component of the inner layer Not known

Chukanovite: Fe2(OH)2CO3 Rare Cathodic zones
Mackinawite/Fe(III)-containing

mackinawite: FeIIS/ FeII
1-3xFeIII

2xS Main component of the inner layer, due to SRB Not known

Greigite: Fe3S4 Rare Not known
Magnetite: Fe3O4 Main component of the inner layer Favored in cathodic zones

Lepidocrocite: γ-FeOOH Main component of the outer layer Anodic zones or uniform corrosion
Goethite: α-FeOOH Main component of the outer layer Anodic zones or uniform corrosion

Akaganeite: β-FeOOH Rare, minor component Not known
Aragonite: CaCO3 Outer layer Cathodic zones
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Figure 3 shows a picture obtained with the optical microscope of the μ-RS apparatus. It was taken
during the analysis of the inner dark layer covering a carbon steel coupon immersed 6 years in natural
seawater (exposure site: Naval Group laboratory, Cherbourg, English Channel). At the center of the
image, a stack of thin bluish platelets can be seen. Only a part of these platelets is visible, as the rest is
covered with shiny black matter, but one can see that these particles seem to have the characteristic
hexagonal shape of GR crystals [36,41,60–62]. μ-RS analysis of these platelets (not shown) confirmed
that they corresponded to a GR compound. The shiny black matter that surrounds them was also
analyzed by μ-RS (Figure 4). Figure 4a displays the most commonly found spectrum. It is composed
of two Raman peaks, the main one located at 283 cm−1 and the other one at 207 cm−1. This spectral
signature is typical of nanocrystalline mackinawite [59]. This nanocrystalline compound, formerly
considered as “amorphous FeS” or “poorly ordered FeS”, is the solid that precipitates from dissolved
Fe(II) and S(-II) species [63,64]. Aging in the solution can improve the crystallinity but this process is
very slow in alkaline conditions and at ambient temperatures [59]. In seawater (pH~8.1), mackinawite
then remains essentially in its nanocrystalline state.

Figure 3. Photograph of a stack of hexagonal platelets of GR(SO4
2−) surrounded by shiny black matter

(Optical microscope of the Raman apparatus, ×50 objective), taken during the analysis of the inner
stratum of the corrosion product layer covering cathodic zones of a carbon steel coupon after 6 years in
natural seawater (exposure site: Naval Group laboratory, Cherbourg, English Channel).

Figure 4. Raman spectra obtained from the shiny black matter shown in Figure 3: (a) nanocrystalline
mackinawite, (b) mixture of various iron sulfides.
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Figure 4b displays another Raman spectrum of the shiny black matter, less frequently observed
than the previous one. First, the two Raman peaks of nanocrystalline mackinawite are seen, at 207 cm−1

and 282 cm−1. Secondly, other intense peaks are seen at 125 cm−1, 253 cm−1, 310 cm−1, and 364 cm−1.
They are attributed to the so-called “Fe(III)-containing mackinawite”, a slightly oxidized form of
mackinawite [59,65] that may contain up to 20% of Fe(III) [59,66]. The proposed chemical formula
is then FeII

1-3xFeIII
2xS [59]. The in-situ oxidation of Fe(II) into Fe(III) can take place even in anoxic

conditions, and this process finally leads to greigite Fe3S4 [65] via a solid-state transformation [67].
Actually, the spectrum of Figure 4b shows typical features of greigite that are the peaks at 143 cm−1,
194 cm−1, and 364 cm−1 (shared with Fe(III)-containing mackinawite) [65,68].

The iron sulfides are formed because of bacterial activity. Sulfide species are not present in
seawater except in deaerated conditions that promote the growth and activity of sulfide-producing
bacteria such as SRB. In studies combining a microbiological analysis of the bacterial flora with a
characterization of the corrosion products, the presence of FeS was indeed associated with that of
SRB (e.g., [18,26,27,30,69]). As explained above, anoxic conditions are established after some time in
the inner black stratum of the corrosion product layers and consequently anaerobe microorganisms
such as SRB can grow and be active. At the beginning of the corrosion process, only a few deaerated
regions are found and FeS forms only locally. It could be detected in one particular zone of a steel
coupon after 1 month of immersion, a finding associated with the concomitant detection of SRB [30].
After 6–12 months, FeS is scattered more or less homogeneously in the inner black layer [26], which
indicates that anaerobic conditions prevail all over the steel surface. This corresponds to the moment
when the influence of SRB becomes significant, as it affects the whole steel surface, a particular time of
the corrosion process that is characterized by an increase of the corrosion rate [22,69].

Finally, maghémite (γ-Fe2O3) and ferrihydrite (Fe5HO8·4H2O) are two compounds possibly
present as minor components of the orange outer stratum. They are difficult to characterize by XRD
because: (i) the XRD pattern of maghémite is close to that of magnetite and (ii) ferrihydrite is a very
poorly ordered and crystallized form of Fe(III)-(oxy)hydroxide. They could not be unambiguously
identified in previous works [26,30,36,41,42,44] and for this reason, were omitted from Table 2.

3.3. GR(SO4
2−), the First Compound Resulting of the Corrosion of Carbon Steel in Seawater

Analysis of the corrosion product layers formed on carbon steel coupons after 1 week of immersion
in natural seawater (Les Minimes marina, La Rochelle, Atlantic Ocean) revealed only two phases,
the sulfate GR and lepidocrocite γ-FeOOH [30]. Actually, lepidocrocite is the main oxidation product
of GR(SO4

2−) by dissolved O2 [58], which indicates that GR(SO4
2−) is the first solid phase to form from

the dissolved species produced by the corrosion of the metal. This point was confirmed by anodic
polarization experiments performed with carbon steel electrodes immersed in artificial seawater-like
solutions deaerated with argon [36]. After 15 min, 3 h, and 26 h of polarization, only the sulfate GR
(with traces of the carbonate GR) could be identified on the steel surface.

The formation of GR compounds in seawater-like conditions was also studied using another
method. GR compounds could be precipitated by mixing a solution of NaCl, Na2SO4·10H2O, FeCl2·4H2O,
and FeCl3·6H2O with a solution of NaOH [70]. The obtained precipitates were analyzed immediately
after their formation and after 1 week of aging in suspension at room temperature. The initial precipitate
was in any case a mixture of GR(SO4

2−) with GR(Cl−). After one week of aging, only traces of GR(Cl−)
remained, GR(SO4

2−) being the final result of the overall process. This study shows that GR(Cl−) may
be an intermediate transient compound, rapidly transformed to GR(SO4

2−). This would explain why
GR(Cl−) could be sometimes identified, always in small amounts, in the dark inner stratum of the
corrosion product layer.

From all these findings, it can be proposed that GR(SO4
2−) forms from the dissolved Fe(II) species

produced by the corrosion of steel through the process illustrated in Figure 5. This process may take
place within a few minutes or a few seconds as GR(SO4

2-) was the only product detected after 15 min
of immersion [36].
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Figure 5. Schematic representation (a–c) of the possible mechanism for GR(SO4
2−) formation as the

first solid phase resulting from the corrosion of carbon steel in seawater. The water molecules present
in the interlayer of the GR or adsorbed on the hydroxide sheets are omitted for clarity.

It is generally admitted that the Fe2+ cations produced by the anodic reaction precipitate first with
the OH− ions produced by the cathodic reaction (see Section 4.1), which leads to the Fe(II) hydroxide
Fe(OH)2. The crystal structure of Fe(OH)2 is based on sheets formed by hydroxide-bridged FeII(OH)6

octahedra. The formation of the solid phase may then begin by the formation of small units of such
sheets, where Cl− and SO4

2− anions (predominant in seawater) are adsorbed (Figure 5a). At the pH of
seawater, Fe(OH)2 can be oxidized to GR(SO4

2−) even in anoxic conditions [50], so that in any case
some Fe(II) cations are rapidly oxidized to Fe(III). A FeIII(OH)6 octahedron necessarily bears an excess
positive charge and attracts anions, facilitating their adsorption on the forming hydroxide sheets,
as illustrated in Figure 5b with the example of a sulfate anion. The stacking of such Fe(III)-containing
hydroxide sheets, with intercalated anions and water molecules, actually corresponds to the structure
of GR compounds [52–55], as explained in previous Section 3.1. Since divalent anions give greater
stability to this structure, Cl− ions should be finally expelled from the interlayers, finally leading to
GR(SO4

2−) as illustrated in Figure 5c.
The overall process leading from the Fe(II) dissolved species to the first solid corrosion product,

i.e., GR(SO4
2−), can then be summarized by the reactions (2), if dissolved O2 is present, or (3), if anoxic

conditions are established:

6Fe2+ + 10OH− + SO4
2− + 1

2
O2 + 9H2O→ FeII

4FeIII
2(OH)12SO4·8H2O (2)

6Fe2+ + 10OH− + SO4
2− + 10H2O→ FeII

4FeIII
2(OH)12SO4·8H2O + H2 (3)

4. Characterization of Anodic and Cathodic Zones

4.1. Heterogeneity of the Corrosion Product Layer and Role of Interfacial pH

The use of sufficiently large carbon steel coupons, e.g., 10 cm × 10 cm sized coupons, generally
enables us to observe the heterogeneity of the corrosion process [41]. An example is displayed in
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Figure 6, showing the surface of a coupon after 6 years in seawater. Although the coupon surface
is mostly covered by biofouling and macro-organisms (a shell is visible near the center) different
zones can be easily distinguished. At the bottom (middle of the lower edge) of the coupon, a large
orange tubercle has formed. This accumulation of corrosion products indicates that the corrosion
process has been accelerated here. The underlying metal surface then more likely corresponds to an
anodic zone. This can be rigorously demonstrated after the corrosion product layer is removed via the
determination of the localized degradation depth [9,41,42]. Other zones are covered by a much thinner
dark layer of corrosion products, as indicated in Figure 6, where the corrosion rate was less important.
They correspond to cathodic zones of the underlying carbon steel surface.

Figure 6. Picture showing the surface of a 10 cm × 10 cm carbon steel coupon after 6 years in natural
seawater (exposure site: Naval Group laboratory, Cherbourg, English Channel).

The formation of cathodic zones, where the cathodic reaction rate is higher than that of the anodic
reaction rate, and anodic zones, where the cathodic reaction rate is lower than the anodic reaction
rate, may have various origins. The possible causes of localized corrosion are well established and
include the inherent heterogeneity of the biofilm, the differential aeration cells (especially for vertical
surfaces), and the heterogeneity of the steel surface (inclusions, welds, segregation . . . ). The possible
persistence of the galvanic coupling between anodic and cathodic zone is however governed, for long
immersion times, by the properties of the corrosion product layers that progressively grow on each
zone. The detailed characterization of the products forming in cathodic and anodic zones was then a
key point towards the understanding of the long-term localized corrosion processes of carbon steel in
seawater [41,42].

The thick tubercles of corrosion products such as the one shown in Figure 6 are, like the corrosion
product layers resulting from uniform corrosion, composed of two main strata, an inner dark stratum
in contact with the metal surface and an outer orange-brown stratum [41,42]. Figure 7 displays the
XRD pattern of a fragment of the inner dark stratum sampled close to the metal surface in an anodic
zone. This pattern is mainly composed of the diffraction peaks of the sulfate GR that are very intense.
Other GR compounds are not identified and only the main diffraction peak of magnetite (M311) is
clearly seen.

10



Corros. Mater. Degrad. 2020, 1

Figure 7. XRD analysis of the inner stratum of the corrosion product layer covering anodic zones
of a carbon steel coupon after 6 years in natural seawater (exposure site: Naval Group laboratory,
Cherbourg, English Channel). GR = sulfate green rust, and M =magnetite. The diffraction lines are
denoted with the corresponding Miller index.

Figure 8 displays the XRD pattern of a fragment of the whole dark layer that covered a cathodic
zone of the metal surface. The most intense peak is in this case the main diffraction peak M311 of
magnetite. The diffraction peaks of other GR compounds are now clearly detected, and those of the
carbonate GR are particularly intense. Aragonite is also clearly identified. The Fe(III)-oxyhydroxides
are minor components of the corrosion product layer formed in this cathodic area, in agreement with
its visual aspect (black color). This demonstrates that the composition of the corrosion product layer
depends on the anodic/cathodic character of the underlying metal surface.

Figure 8. XRD analysis of the inner stratum of the corrosion product layer covering cathodic zones
of a carbon steel coupon after 1 year in natural seawater (exposure site: cargo port of La Rochelle,
Atlantic Ocean). A = aragonite, GR = sulfate green rust, GC = carbonate green rust, GCl = chloride
green rust, L = lepidocrocite, M =magnetite, and Q = quartz. The diffraction lines are denoted with the
corresponding Miller index.
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Iron sulfides were identified in any case in both anodic and cathodic zones using μ-RS. Actually,
the Raman spectra of mackinawite displayed in Figure 4 were obtained from the corrosion product
layer covering a cathodic zone. This demonstrates that SRB can grow and be active in both kinds of
zones, which mainly indicates that oxygen does not reach the inner dark layer neither in the anodic
nor in the cathodic zones (this point is further discussed in Section 4.4). At the present time, it is not
possible to state whether SRB develops first or preferentially in one kind of zone.

In Table 2 that lists the products positively identified inside the corrosion product layers [26,30,36,41,42,44],
it is indicated whether a compound is preferentially formed in anodic or cathodic zones. The compounds
favored in cathodic zones are carbonate-containing phases, namely aragonite, chukanovite, and
GR(CO3

2−), and magnetite. In each case, the main reason is the increase of the interfacial pH induced
by the difference between the cathodic and the anodic reaction rates. On a metal surface where uniform
corrosion takes place, the cathodic and anodic reaction rates are equal. The anodic reaction produces
Fe2+ cations:

Fe→ Fe2+ + 2e− (4)

The corresponding cathodic reaction, whether it is O2 or H2O reduction, produces 2 OH− ions per
2 consumed electrons:

1
2

O2 + H2O + 2e− → 2OH− (5)

2H2O + 2e− → H2 + 2OH− (6)

Fe2+ and OH− ions are then produced in a ratio OH−/Fe2+ = 2 and subsequently incorporated
inside the solid phases that constitute the corrosion product layer. This is commonly summarized by
the following reaction:

Fe2+ + 2OH− → Fe(OH)2 (7)

As discussed in Section 3.3, the formation of Fe(II)-hydroxide sheets is rapidly followed in seawater
by that of GR(SO4

2−) but, as shown by reaction (7), the pH at the steel/seawater interface is unaffected.
The same conclusion is drawn if another corrosion product is considered, as illustrated by the example
of magnetite formation (reaction 1). In cathodic zones, the rates of reduction reactions (5) and/or (6)
is higher than that of the anodic reaction (4) because part of the consumed electrons comes from the
anodic zones. The ratio between the produced OH− and Fe2+ ions in a cathodic zone is then higher
than 2, which induces an increase of the interfacial pH. This effect is well-known for steel structures
subjected to cathodic protection and leads to the formation of the so-called calcareous deposit, mainly
composed of aragonite CaCO3 e.g., [44,71–74]. The presence of aragonite among the corrosion products
of steel inside the layers forming on a cathodic zone is then clearly associated with the increase of
the interfacial pH. This assumption was confirmed via experiments performed in artificial seawater
where shells, the other possible origin of aragonite, were of course not present [9]. The increase of the
interfacial pH leads to changes in the inorganic carbonic equilibrium at the metallic interface and favor
CO3

2− over HCO3
−:

HCO3
− + OH− → CO3

2− + H2O (8)

This explains why the formation of aragonite is not the only process favored in the cathodic zones:
the formation of other CO3

2− based compounds, i.e., chukanovite and GR(CO3
2−), is also facilitated.

In contrast, the ratio between the produced OH− and Fe2+ ions is lower than 2 in the anodic zones.
As Fe2+ is a Lewis acid, the interfacial pH may tend to decrease in the anodic areas. This well-known
phenomenon is the origin of various localized corrosion phenomena such as crevice corrosion, pitting
corrosion, etc...

4.2. Equilibrium Conditions between GR(SO4
2−) and GR(CO3

2−)

The formation of GR(CO3
2−) in the cathodic zones was thoroughly studied. The first results were

obtained with a study of the impact of cathodic protection on aged (5 years of immersion) and already
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strongly corroded carbon steel coupons. It was observed after one year of cathodic polarization that
the whole amount of GR(SO4

2−) initially present in the corrosion product layers had been entirely
transformed to GR(CO3

2−) [44]. The reaction induced by the polarization can be written as follows:

FeII
4FeIII

2(OH)12SO4·8H2O + CO3
2− → FeII

4FeIII
2(OH)12CO3·2H2O + 6H2O + SO4

2− (9)

This writing clearly shows that the transformation is favored by the increase of the CO3
2−

concentration. More precisely, the equilibrium conditions between GR(SO4
2−) and GR(CO3

2−) are
governed by the pH, the sulfate concentration, and the carbonate species concentration [9,44]. This can
be highlighted by writing the reaction with the main carbonate dissolved species present in seawater,
i.e., HCO3

−:

FeII
4FeIII

2(OH)12SO4·8H2O + HCO3
−� FeII

4FeIII
2(OH)12CO3·2H2O + 6H2O + SO4

2− + H+ (10)

The equilibrium conditions are then expressed by:

pK = pH – log[a(SO4
2−)/a(HCO3

−)] (11)

In Equation (11), a(SO4
2−) and a(HCO3

−) are the activities of SO4
2− and HCO3

− in the solution
where GR(SO4

2−) and GR(CO3
2−) coexist. A study of these equilibrium conditions was achieved to

obtain a numerical value of the equilibrium constant [9], which led to:

pK = 7.85 ± 0.35 (12)

Using the typical values of a(SO4
2−) and a(HCO3

−) for seawater [9], it was computed that the pH
corresponding to the equilibrium conditions between both GR compounds was equal to 8.24 ± 0.35 [9],
which is similar or only slightly higher than the average pH of seawater. This explains why a slight
increase of the interfacial pH can indeed favor the formation of GR(CO3

2−) at the detriment of that
of GR(SO4

2−).

4.3. Variations of the Magnetite Content

The key point is however the competitive formation processes of magnetite and GR(SO4
2−)

because magnetite is a well-known electronic conductor [32–34] whereas, to our better knowledge,
GR(SO4

2−) is an insulator. According to thermodynamic data, magnetite would indeed be favored by
an increase of pH, and conversely, GR(SO4

2−) by a decrease of pH [50]. This was also confirmed by
experimental results [50].

As for the corrosion product layers formed on carbon steel permanently immersed in seawater,
the relative proportions of magnetite and GR(SO4

2−) proved to depend on the anodic/cathodic character
of the underlying metal surface. This is illustrated by the results synthesized in Table 3.

This table gathers data from [41,42] and unpublished results coming from the same research
program. To quantify the changes in the relative proportions of magnetite and GR(SO4

2−) revealed
by XRD analysis, the M311 diffraction line intensity to GR003 diffraction line intensity ratio, i.e.,
I(M311)/I(GR003), was used. This ratio was chosen because, in the considered experimental conditions
(Naval Group laboratory, Cherbourg, English Channel), it was close to 1 (actually between 0.77 and
1.05) for the corrosion product layers generated by uniform corrosion [41]. After 6 years of immersion
in these conditions, the average corrosion rate was determined, from thickness loss measurements,
to be equal to 0.07 ± 0.02 mm/year for uniform corrosion. Therefore, a zone of the metal surface where
the local corrosion rate is significantly higher than 0.07 mm/year should be considered as an anodic
zone. Conversely, if the local corrosion rate is significantly lower than 0.07 mm/year then this part of
the steel surface should be considered as a cathodic zone.
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Table 3. Determined values of the I(M311)/I(GR003) ratio for inner layers on anodic and cathodic zones
and associated corrosion rates from References [41,42] and previously unpublished results from the
same research program. The corrosion rates were determined by local thickness measurements as
described in [40–42] on carbon steel coupons permanently immersed 6–8 years in natural seawater
(exposure site: Naval Group laboratory, Cherbourg, English Channel).

Zone Corrosion Rate (mm/Year) I(M311)/I(GR003)

Strongly anodic 0.50 ± 0.01 0
Anodic 0.20 ± 0.03 0.12
Anodic 0.15 ± 0.04 0.5
Anodic 0.14 ± 0.02 0.03
Slightly anodic 0.08 ± 0.02 0.51
Uniform corrosion 0.07 ± 0.02 0.77 to 1.05
Slightly cathodic 0.06 ± 0.01 0.5
Slightly cathodic 0.06 ± 0.01 3.1
Cathodic 0.05 ± 0.01 1.9 to 3.3
Cathodic 0.040 ± 0.005 8.9 to 10
Cathodic 0.035 ± 0.005 2.6
Strongly cathodic ~ 0.01 4.9 to 14.3

The data related to the various analyzed zones are listed in Table 3 with decreasing measured local
corrosion rates or, in other words, from the most severely degraded areas (0.5 mm/year, top line) to
less degraded regions (0.01 mm/year, bottom line). In each case, the corrosion product layer covering
the metal was analyzed by XRD so that the composition of the layer could be associated with the
corrosion rate. It can then be seen in Table 3 that the I(M311)/I(GR003) ratio determined from the XRD
analysis increases with decreasing corrosion rate. This trend is more clearly illustrated by the diagram
displayed in Figure 9, where the average value of the I(M311)/I(GR003) ratio is plotted against the
average local corrosion rate. This clearly shows that the magnetite content of the corrosion product
layer increases with the cathodic character of the metal surface.

Figure 9. Variation of the I(M311)/I(GR003) ratio (determined from XRD analysis of the dark inner
layers covering steel surfaces after 6 years of immersion in natural seawater), with the corresponding
average local corrosion rate (determined by local thickness measurements as described in [40–42]).

4.4. The Localized Corrosion Mechanism Associated with Magnetite-Rich Cathodic Zones

As described in the previous section, the corrosion product layers covering cathodic zones are
significantly enriched with magnetite that is an electronic conductor. Moreover, these layers do not
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contain, or only in small amounts, FeOOH compounds [41,42], in agreement with visual observations:
these layers are black, i.e., the orange-brown outer stratum composed of FeOOH compounds did not
form. This is only possible if dissolved O2 does not react with the Fe(II)-based compounds present
in the corrosion product layer. This means that the O2 molecules reaching the outer surface of the
corrosion product layer are consuming, through the reduction process, electrons coming from another
part of the system, i.e., necessarily the anodic zones of the steel surface. This process is possible only if
an electronic pathway exists inside the corrosion product layer. This pathway can be constituted by a
network of interconnected magnetite particles also connected to the metal surface. Such a network may
indeed be present in the magnetite-rich layers covering the cathodic zones, that are moreover much
thinner than those covering the anodic zones ([41,42], see also Figure 6). A schematic representation of
the mechanism is presented in Figure 10.

Figure 10. Schematic representation of the localized corrosion process associated with the heterogeneity
of the corrosion product layer.

Actually, the anodic zones of the metal surface are thick and enriched with insulating compounds
such as Fe(III)-oxyhydroxides and GR(SO4

2−). Dissolved O2 cannot reach the metal surface underneath
or be reduced at the surface of magnetite particles that are present in small amounts and consequently
not interconnected. It is consumed in the outer stratum by aerobe microorganisms or in the dark inner
stratum through its reaction with Fe(II)-based corrosion products.

Localized corrosion can only lead to severe issues if it can persist for a long time. The particular
mechanism associated with the heterogeneity of the corrosion product layers is based on the assumption
that dissolved O2 participates in the corrosion process because it can be reduced on the outer surface of
the magnetite-rich layer covering the cathodic zones [41]. Since the formation of magnetite is favored
by an increase of pH, this mechanism has then a self-sustaining ability as it creates conditions that
favor its own persistence: If oxygen reduction takes place preferentially in the cathodic zones, then
the interfacial pH increases and consequently the formation of magnetite is favored. Conversely,
the process favors a decrease of pH in the anodic zones that hinders the formation of magnetite and
leads to an accumulation of insulating compounds on the metal surface.

The role of SRB in this mechanism may also be important. Anaerobic conditions are met at
the metal surface in both anodic and cathodic zones and SRB can grow and be active in both zones,
as demonstrated by the identification of FeS in any case. In the cathodic zones, dissolved O2 may
reach the outer part of the dark corrosion product layer covering the metal before to be reduced at the
surface of magnetite particles so that SRB would preferentially develop closer to the metal. In any case,
iron sulfides are electronic conductors [16,23] and their formation in the cathodic zones would then
favor the persistence of the corrosion cell described above thus reinforcing the corresponding localized
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corrosion mechanism. Electroactive SRB [23–25] could also take advantage of the interconnected
Fe3O4/FeS particles network linked to the metal surface in the cathodic zones, and favor its persistence.

Finally, this process would stop once:

(i) the layer covering the cathodic zone is covered by a thick layer of biofouling/calcareous deposit
that prevents (as in anodic zones) dissolved O2 to reach magnetite particles,

(ii) the corrosion product layer covering the cathodic zone becomes so thick that the network of
interconnected Fe3O4/FeS particles is no more linked to the metal surface.

5. Oxidation of the Corrosion Product Layers and FORMATION of Akaganeite

Akaganeite (β-FeOOH) is a common corrosion product of steel in marine atmospheres e.g., [38,39,75,76].
Though it is considered as the β-phase of Fe(III) oxyhydroxides, it necessarily contains Cl− ions and its
chemical formula is more exactly FeO1−x(OH)1+xClx [77]. However, akaganeite was rarely observed,
and always as a minor component, in the studies [26,30,36,41,42,44] dealing with corrosion products
formed on carbon steel permanently immersed in seawater.

The corrosion processes involved during permanent immersion are of course different from those
of atmospheric corrosion. The wet/dry cycles typical of atmospheric corrosion induce oxidation and
transformation of Fe(II) species/compounds that do not take place during permanent immersion and
may be responsible for the formation of akaganeite. To clarify this point a coupon was, after 1 year
of immersion in natural seawater, exposed 11 days to the atmosphere of the laboratory so that the
corrosion product layer dried completely. This layer was then analyzed by XRD and the result is
shown in Figure 11.

Figure 11. XRD analysis of the inner stratum of the corrosion product layer of a carbon steel coupon after
1 year in natural seawater (exposure site: cargo port of La Rochelle, Atlantic Ocean) and subsequent
exposure of 11 days to the atmosphere (laboratory). Ak = akaganeite, A = aragonite, C = calcite,
G = goethite, H = halite (NaCl), L = lepidocrocite, and M =magnetite. The diffraction lines are denoted
with the corresponding Miller index.

The Fe(III)-based compounds already formed during the immersion period, i.e., magnetite,
lepidocrocite, and goethite, are the main components of the dried oxidized layer. The Fe(II)-based
corrosion products, i.e., GR compounds, are not detected anymore. They were integrally oxidized and
transformed into Fe(III) compounds during the 11 days of exposure to air. Aragonite is also identified,
it comes more likely from a cathodic zone of the metal. Calcite is also present but may come from
fragments of shells. The drying of the sample has moreover induced the formation of NaCl (halite).
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Finally, another Fe(III) compound, not initially present in the corrosion product layer, is now identified:
it is akaganeite.

This shows that akaganeite may mostly result from the oxidation and drying of corrosion product
layers previously formed during the immersion of steel in seawater. Actually, the formation of
akaganeite requires a high concentration of both dissolved Fe(II) and Cl− species [78]. During the
drying of a corrosion product layer, water evaporates progressively and dissolved species (Cl−, Fe2+)
concentrations increase continuously until the formation of akaganeite is possible. The overall reaction
could be written as:

4Fe2+ + O2 + 6H2O + 4HCl→ 4FeO1−x(OH)1+xClx + 8H+ (13)

Note that intermediate compounds/species could be involved, e.g., GR(Cl−) [78,79],
Fe(II)-hydroxychloride [78,79] or dissolved Fe(III) species.

This result points out the necessity to shelter the corrosion product layer from the air before
and during analysis. First, the Fe(II)-based compounds must be preserved because, as they form
directly from the dissolution of steel, they convey the most important information about the corrosion
mechanism. Secondly, the formation of compounds not really associated with the corrosion process
must be avoided because it may lead to a misinterpretation of the mechanisms involved.

A final corrosion product must be discussed, the Fe(II)-hydroxychloride β-Fe2(OH)3Cl known
as a precursor of akaganeite [78,79]. Though it has not been clearly identified on “modern” steel
structures, it has however been reported as the main component of the corrosion product layer covering
Gallo-Roman iron ingots that remained at the bottom of the Mediterranean Sea for 2000 years [43].
This finding shows that the corrosion mechanisms may change drastically after a (very) long time of
permanent immersion in seawater. However, no information is currently available about this possible
transition period and the associated mechanisms and processes.

6. Conclusions

The thorough characterization of the corrosion product layers provided important information
that led to a better understanding of the mechanisms of marine corrosion of carbon steel permanently
immersed in natural seawater. Important facts must be pointed out:

- It is generally admitted that, after a sufficiently long immersion time (variable but at least
6 months), anoxic conditions are met at the steel surface and inside the inner part of the corrosion
product layer. Anaerobe microorganisms such as SRB can develop and be active, which leads
to the formation of iron sulfides. Marine corrosion is then intrinsically a biologically influenced
process and its complexity cannot be entirely mimicked by laboratory experiments and/or using
artificial seawater. The biofilm itself and other microorganisms are also known to have an
influence on corrosion processes.

- The first solid phase to form on the steel surface is the sulfate GR. It is favored, with respect
to magnetite and carbonate GR, in the anodic zones, by the decrease of the interfacial pH.
A mechanism is proposed, involving (i) the adsorption of anions (mainly Cl− and SO4

2−) on the
nuclei of Fe(OH)2 hydroxide sheets, (ii) the oxidation of part of the Fe(II) cations to Fe(III) in
the hydroxide sheets and (iii) the stacking of the sheets leading to GR(SO4

2−) after the release of
Cl− ions.

- A particular mechanism can however involve oxygen even if anoxic conditions are established
at the steel surface. The pH proved to have a significant influence on the composition of the
corrosion product layer and this composition then depends on the anodic/cathodic character of
the underlying metal surface. In cathodic zones, the increased interfacial pH favors the formation
of magnetite (among other compounds) that is an electronic conductor. Associated with a low
corrosion rate, the process then leads to a magnetite-rich layer that remains moderately thick
(~2–5 mm) even after 6–8 years [41,42]. The reduction of dissolved O2 can then take place at the
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outer surface of this layer as long as the magnetite particles remain interconnected and connected
to the steel surface.

- The activity of SRB (and other sulfide-producing bacteria) in the cathodic zones may favor and
reinforce this mechanism because it generates additional conductive corrosion products, i.e.,
iron sulfides.

- Finally, it is necessary to preserve the samples from air to avoid the transformation of Fe(II)-based
compounds. The nature of these compounds is directly related to the corrosion mechanisms.
Moreover, the oxidation/transformation of the Fe(II)-based corrosion products may produce
other compounds (e.g., akaganeite), thus possibly leading to an erroneous interpretation of
the mechanisms.
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Abstract: The long-term corrosion progression of steel reinforcement is important for estimating
the life of reinforced concrete infrastructure. Reviews of field experience and results from recent
controlled long-term experiments show that the development of reinforcement corrosion is much
more complex than the classical empirical Tuutti model. A new, comprehensive model is proposed,
referencing observations and inferences from many field and laboratory observations and built on the
bi-modal model for the corrosion of steel. It includes the critical roles of air-voids in the concrete at
the concrete-steel interface and the effect of long-term alkali leaching as accelerated by the presence
of chlorides. Both are affected by compaction and concrete permeability. The role of chlorides in the
early stages is confined to pitting within air-voids. These are critical for allowing initiation to occur,
while their size influences the severity of early corrosion. Empirical data show that for seawater with
an average water temperature in the range of 10–20 ◦C, the corresponding rate of long-term corrosion
ra is in the range of 0.012–0.015 mm/y.

Keywords: reinforcement; corrosion; chlorides; progression; alkalinity; cracking

1. Introduction

Reinforcement corrosion of marine structures can be a major problem for structural
safety and serviceability. Despite much research attention over many years, the causes of
such corrosion remain unclear: “after more than half a century of research on the issue
of steel corrosion in concrete, many questions remain open” [1]. Seldom mentioned in
these overviews is that a considerable amount of practical experience over many years
has shown, repeatedly, that for many reinforced concrete structures exposed for decades
in high chloride environments, reinforcement corrosion has not occurred or is negligible
despite very high concentrations of chlorides at the reinforcement bars [2–4]. One example
of this type of behavior is the set of some 900 driven reinforced concrete piles, constructed
during the 1930s that were found, on extraction from their foundations in 2012, to show
almost no evidence of reinforcement corrosion. During that time they had been exposed,
continuously, to the immersion, tidal, splash, and atmospheric zones of the coastal Pacific
Ocean [5]. The state of the reinforcement and the lack of corrosion for most of the surfaces of
the reinforcing bars were verified by breaking open randomly selected piles. This showed
the high density of the concrete, the lack of air-voids within the concrete and at the steel
interface surfaces, and that the rusts that were present were very thin and of the type
generated under very low oxygen conditions. Very high chloride concentrations were
observed inside the concrete, including immediately adjacent to the steel reinforcement
bars. The concrete cross-sections yielded pH values everywhere around 12 other than
the pH around 7 in the 2–3 mm outer edges. This indicated that much of the concrete
cross-sections still contained high levels of calcium hydroxide (Ca(OH)2) even after about
80 years of exposure. There were some exceptions to this trend. The most notable was for
one pile that showed very severe localized corrosion at the point where it was inferred that
the pile had been deeply cracked in flexure at the time of construction [5].
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Similar findings have been made recently [6] for the massive reinforced concrete
Phoenix caissons hastily produced during WW2 and now lying abandoned along the coast
of Normandy (F). Those that could be inspected directly or through aerial photography
showed little or no obvious corrosion of reinforcement [7], despite having been exposed
in the chloride-rich immersion, tidal, splash, and marine atmospheric zones since 1944.
Reinforcement corrosion was evident mostly only where early structural damage (through
a major storm event in 1944) had occurred or at poor construction joints. Parallel findings
are available for a range of other practical reinforced concrete structures [3,8–11]. However,
the conventional wisdom, based largely on laboratory research, appears focused primarily
on cases of reinforced (and prestressed) concrete structures and laboratory samples that
showed early initiation of reinforcement corrosion and relatively fast development of some
type of structural damage.

The reasons for the poor performance of some practical reinforced concretes have
become clearer as a result of recent long-term experimental findings [12,13]. These are
reviewed briefly in the next section. They provide a background for critical aspects of
initiation of reinforcement corrosion in marine conditions and for the subsequent rate of
its progression. A new model for reinforcement corrosion progression as a function of
longer-term exposures is then introduced, extended from an earlier empirical model [14]
that was based on the empirical analysis of data from actual structures and on modern
understanding of the development of corrosion of bare steel in seawater. The extended
model proposed herein accounts for the current and new understanding of the relevant
physico-chemical mechanisms and criteria.

As a first step in the calibration of the proposed model, it is compared with data
from experiments conducted during the 1950s on a range of model reinforced concretes
covering different water-cement and aggregate-cement ratios. Comments are made about
the principal factors that govern the model, including the important aspect of the interfacial
zone between the steel and concrete. The roles of the depth of concrete cracking, of fractures,
and of poor construction joints are discussed, including the likely rates of very localized
corrosion. Some comments about practical implications are made throughout the paper.

At this point it is noted that apart from empirical and physico-chemical modeling
approaches, the literature, as reviewed by Raupach [15], also contains some models based
on interpretations from electro-chemical testing. Although they have been advocated for
many years (cf. [16]), these are not used herein. The reason is that the results obtained
are known to be problematic when compared to physical observations of corrosion and
pitting in actual seawater conditions (e.g., [17]) and this also has been noted repeatedly for
reinforcement corrosion (e.g., [18–23]). This confirms the need for calibration and validation
of electrochemical test results against empirical field data [24]. The approach herein is
to work directly with the available empirical data for calibration of the physico-chemical
model.

2. Background

The classical, entirely empirical model for the initiation and progression of reinforce-
ment corrosion is attributed to Tuutti [25] although there was a similar antecedent [26].
The Tuutti model provides a period during which chlorides permeate through the concrete
cover to eventually reach the reinforcement. Then, it is assumed that when a sufficiently
high concentration of chlorides is reached at reinforcement, corrosion initiates, followed by
a steady increase in corrosion with time (Figure 1a).
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Figure 1. (a) Traditional Tuutti model showing corrosion “initiation” and an immediate serious
corrosion for high chloride concentration conditions at the reinforcing bars, (b) phenomenological
model proposed by François et al., 1994 [27] to consider the effect of cracking in facilitating the
transportation of chloride ions to the reinforcement, (c) bi-modal model for the corrosion of steel in
marine (and other) conditions, (d) corrosion loss model proposed by Melchers and Li, 2006 [14] with
parameter csc related to void size, long-term rate rsc related to concrete permeability, and the time tact

to commencement of active corrosion.

To allow for cracking of the concrete as might be caused by tensile flexural stresses
in the concrete François et al. [27] proposed, on the basis of their own test results, the
phenomenological model shown in Figure 1b (cf. [28]). However, a practical assessment of
test conditions indicates that the constant load applied for the beams is considerably more
than the beams of the proportions used, which would sustain in normal service. While
the stated maximum moment that was applied to the beams is realistic for the nominal
working load capacity used in design, typically the “sustained” loading, that is the loading
applicable for most of the operational life of a beam, is some 10–20% of the design load [29].
It follows that the crack sizes in the experiments are some 5–10 times greater than those
that would be expected under normal service conditions. In fact, most beams in practice
show no signs of flexural cracking. In practice, if severe cracking does occur, it almost
invariably is the result of overloading or poor design. It follows that the model is unduly
conservative for realistic structures (Figure 1b).

In the model of Figure 1b, ti is the time at which initiation occurs. Due to the large
crack sizes in the experimental work, the initiation of corrosion will occur relatively early
in the life of the structure, presumably as a result of chlorides (and likely oxygen) being
able to reach the reinforcement relatively quickly. The model assumes that shortly after ti
the rate of corrosion drops to a very low value, attributed to the rate-controlling reaction
stated as then being cathodic oxygen reduction. The reason for the large reduction in the
corrosion rate is considered to be a build-up of corrosion products. Eventually, at tprop, the
model enters the “propagation” phase that has a damaging rate of reinforcement corrosion.

One difficulty with both the Tuutti and the François et al. models is in the role they
assign to chlorides. As noted already by Foley [30] and as evident in results from carefully
controlled experiments by Heyn and Bauer [31] and Mercer and Lumbard [32] in zero veloc-
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ity conditions (such as inside concretes), the chloride concentration has very little effect on
the rate of corrosion (although it can affect the propensity for pitting). Potentially, this is the
reason the much-studied critical chloride concentration, at which ti is assumed to occur, has
proved so elusive, with very wide variability in the experimental results (e.g., [33]). It also
may explain why some actual reinforced concretes have very high chloride concentrations
inside the concrete but little or no evidence of reinforcement corrosion (cf. [4]). Despite
these observations, the concept of chloride as the critical factor for initiating reinforcement
corrosion in marine environments appears still firmly entrenched [34–36], although the
modern terminology has become “chloride-induced” corrosion. However, the precise
meaning of this term remains uncertain.

A second difficulty with these models is the assumption that the oxidization of the steel
in the presence of water is always through the cathodic oxygen reduction reaction (ORR):
O2 + 2H2O + 4e− → 4OH−. This has also been assumed as the case for extended exposure
periods, such as over decades (e.g., [37]), even though the reinforcement has already
corroded significantly and there has been a considerable build-up of rusts. According to
the bi-modal model for the corrosion of steel [38], a considerable build-up of rusts should
produce predominantly anaerobic corrosion conditions after only a few years of exposure.
For reinforcement corrosion in concrete, direct evidence of anaerobic corrosion is available
for concrete structures exposed in marine conditions since WW2 (see Figure 1c in [39]).

A model that accounts for these factors and which is consistent with long-term cor-
rosion behavior for steel in marine environments, was proposed by Melchers and Li [14].
Rather than assuming the corrosion of steel is a linear function of time as in the models of
Tuutti and François et al., it was built on the more accurate bi-modal model for the corro-
sion of steel (Figure 1c). That model has been verified for a wide range of environments
including soils and also a variety of steels and other alloys [40]. Hence, it can be expected
to be valid also in concrete. The model for reinforcement corrosion is shown in Figure 1d.
As in the Tuutti and François et al. models, it has a period of initiation (0–ti) during which
inward diffusion of chloride ions is likely to occur. Reinforcement corrosion commences at
ti (Figure 1d). However, as described further below, the conditions under which this occurs
are more complex than the mere achievement of a “critical chloride concentration”. After
initiation, corrosion progresses initially in Mode 1, governed, as explained further below,
by the availability of oxygen (and water) in air-voids in the concrete at the concrete-steel
interface. As the oxygen is depleted and corrosion products build-up, the corrosion of
the reinforcement transitions into Mode 2 with a corresponding relatively fast increase in
reinforcement corrosion loss (Figure 1c). The overall effect is shown as (A-B) in Figure 1d.
Thereafter, the reinforcement corrosion is the rate controlled predominantly by the cathodic
hydrogen evolution reaction. This relatively slow reaction accounts for the plateau-effect
(B-C) in Figure 1d. Eventually, at tact, new conditions arise that permit a relatively fast and
damaging corrosion (C-D)—these also are considered further below.

In wet oxygenated environments, the corrosion of steels in Mode 1 is predominantly
under aerobic conditions (Figure 1c). The corresponding cathodic oxygen reduction re-
action (ORR) is rate-controlled by oxygen diffusion from the external environment. As
rusts build-up, the environment at the steel-rust interface changes predominantly under
anaerobic conditions, for which corrosion occurs essentially by pitting under very low pH
values [41]. The usual anodic reaction Fe → Fe2+ + 2e− still applies but the process is now
rate-controlled by the cathodic hydrogen evolution reaction (HER): 2H2O + 2e− → H2 ↑ +
2OH−. The dissolution of water provides the hydroxide ions necessary to form rusts.

While oxygen is not directly involved in the HER, oxygen is not entirely excluded from
the overall longer-term corrosion behavior. For atmospheric and for immersion corrosion,
that is without the presence of concrete, oxidation may occur at the external rust layers [42],
releasing ferrous ions and thus diminishing the overall rust layer [43]. The net effect of this
is that the long-term corrosion rate rs depends both on the rate of loss of external rust by
oxidation and on the build-up of rusts by anaerobic processes at the metal-rust interface.
In effect, oxygen is still the ultimate electron acceptor but the process is more convoluted.

26



Corros. Mater. Degrad. 2021, 2

It is clear that the concentration or availability of oxygen at the external rust surface can
exert some influence over the rate of long-term corrosion rs and also that both oxygen
availability and rs can be affected by encasing the bar in concrete.

Before proceeding, it is noted that field data [44] show that, closely enough for practical
purposes, the longer-term part of the process, denoted as phase 4 in Mode 2 (Figure 1c), can
be considered a linear function in time. It may be represented in a simplified manner by
parameters cs and rs. It is certainly not the usual “corrosion rate”—this is a linear function
passing through the origin and driven at the metal-rust interface region by the oxygen
reduction reaction and the availability of oxygen.

It is reasonable to assume that for steel bars inside concrete, the progression of the
corrosion process will follow a pattern of behavior similar to that for the corrosion of
steels in other environments. It is likely that for the steel encased in concrete relatively
impermeable to oxygen Mode 1 will be rather short in duration. In this sense, encasement
in concrete would have an effect essentially similar to a lower oxygen concentration in the
external environment [45]. Therefore, encasement would also tend to depress the rate of
oxidation of the external rust layers in phase 4 and reduce the net value of rs (Figure 1c).
Let this reduced value, due to concrete encasement, be denoted rsc noting that it is likely
to also depend on factors such as concrete over thickness, concrete compaction, and the
permeability of that concrete potentially as affected by the wetness of the concrete. When
the cover concrete is very dense and of very low permeability oxygen diffusion to the
external rust layers will be much inhibited and, in the limit, rsc → 0. This is consistent with
observations of essentially no corrosion in very dense, low permeability concretes even
after more than 80 years of exposure [5]. However, such a scenario is unlikely to continue
ad-infinitum. Other mechanisms are likely to intervene, shown in Figure 1d as commencing
at tact. Originally proposed purely empirically [14], this has recently been shown to be
caused by the gradual, long-term loss of concrete alkali such that at tact the concrete will
have lost so much material that it has greatly increased pore spaces and much greater pore
connectivity. This permits a high level of local oxygen diffusion and thus much increased
corrosion by direct oxidation [13].

On the other hand, for concretes with high permeability (and cracking) access of
oxygen from the external environment and thus the exterior oxidation of the rust layers is
likely to be somewhat easier. The result will be that rusts are permeated into the concrete
pre spaces immediately surrounding corroded steel bars. However, the effect of greater
oxygen permeation through the concrete cover on the rate of corrosion rs is likely to be
slight, since rs depends mainly on the rate of the cathodic HER at the metal-rust interface.
The situation changes dramatically, however, if there is significant damage, such as from
widespread concrete cover cracking and spalling.

The corrosion behavior denoted schematically by (A-B) in Figure 1d arises from two
aspects. One, as noted above, is the transition from Mode 1 to Mode 2 for the corrosion
of steel (Figure 1c). The other, as will be seen, and the more important effect is that from
air-voids and similar imperfections in the concrete matrix at the concrete-steel interface.
The overall corrosion loss is shown idealized by parameter csc and occurs in the relative
short-time period immediately after initiation at ti.

Corrosion initiation for general (or uniform) corrosion at the usual potentials for
iron in water is possible only for a local pH below about 9, dictated by thermodynamic
conditions (Gibbs free energy or Pourbaix). This is irrespective of chloride concentration.
It tends to rule out the initiation of general corrosion inside concretes and concrete pore
waters with their usually high pH. The situation for pitting corrosion is rather different.
Pitting corrosion involves a higher (more active) potential, and is thermodynamically
possible, even at elevated pH environments when the chloride concentration is sufficiently
high [46]. This possibility directly permits the initiation of reinforcement corrosion at
chloride-rich wet air-voids in the concrete adjacent to the reinforcement steel.

The severity of corrosion associated with an air-void depends on the amount of oxygen
in the air-void and the local availability of pore water. It has been shown to commence as
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differential aeration, localized at the edges of the air-voids [1] that then causes localized
(pitting) corrosion of the adjacent steel [12]. Once initiated, such localized corrosion is
only very mildly inhibited by diffusion considerations and will increase rapidly until
eventually limited by the availability of oxygen or water. The net result is an almost
step-wise increase in corrosion loss just after ti, idealized as (A-B) and csc in Figure 1d.
This type of behavior also has been observed for near-full-scale beams, for example, by
Yu et al. [28] who attributed it purely to corrosion products inhibiting oxygen diffusion.

The size and distribution of the air-voids in the concrete matrix at the steel surface
reflect the degree of concrete compaction achieved prior to concrete setting. Moreover,
they are likely to be functions of the composition of the concrete and properties such
as water-cement ratio and aggregate-cement ratios. All these tend to have a degree of
statistical uncertainty and this is likely reflected in the amount of corrosion at the air-voids,
i.e., in csc in Figure 1d.

Collecting together the various factors noted above provides the overall schematic
model shown in Figure 2. It can be seen that after ti the amount of corrosion is governed
not just by the rate of progression of corrosion, that is by rsc, but also by the volume of the
air-voids, as these govern csc. Estimates for the values of the parameters (csc and rsc) for a
longer-term corrosion, based on physical tests, are given in the next section.

Figure 2. Model generalized from Figure 1d for the development of corrosion loss as a function of
exposure time, concrete permeability (and wetness), and concrete compaction.

3. Reinforcement Corrosion after Initiation (Parameters csc and rsc)

There are few longer-term experimental programs covering a range of concrete mixes
for which both reinforcement corrosion initiation and progression were observed and
which were sufficiently detailed to observe the bi-modal corrosion behavior of the steel.
One of these is the program reported by Shalon and Raphael [47]. It used multiple model
concrete specimens each 40 mm × 40 mm × 140 mm long made from local (limestone)
aggregates and commercial cement without additives. Each specimen was provided with
a longitudinal, centrally-placed 6 mm diam. mild steel bar. The mixing water consisted
of local natural seawater. As a result, chlorides were present at a high concentration in
the concrete matrix from the outset. Thus, the initiation period (0–ti) can be considered
negligible. This is a valid experimental technique to accelerate the overall process [48]. A
range of aggregate-cement and water-cement ratios was used for the concrete specimens.
They were cast horizontally in steel molds.

There is no information on concrete compaction other than the fact that the bars were
“inserted” and “embedded” in the concrete of each specimen, apparently after the molds
were filled with concrete [49]. All the specimens were stored in a laboratory fog-room at
about RH 98% and average air temperature about 25 ◦C until required for examination. At
3, 6, 12, 24, and 48 months, one or two specimens from each concrete mix was broken up
and the surface condition of the bars examined. Any rusts on the bars were removed using
a protocol generally similar to that currently specified for reinforcement bar cleaning. The
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cleaned bars were then weighed and the masses compared with the original masses. The
original paper only provides percentage mass losses. For the present analysis, these were
converted to corrosion losses (in mm) using the reported nominal diameter and the typical
density of steel (7800 kg/m3).

A parallel project using specimens of the same size and with comparable water-cement
and aggregate-cement ratios with exposures extending over more than 12 years has been
reported recently [12,13]. This program used low-heat as well as blended commercial
cement. Some mixes were made with calcareous aggregates. Unlike the Shalon and
Raphael [47] experiments, the parallel project found no or negligible corrosion losses even
over the 12 years of exposure, which was insufficient to obtain accurate quantitative results.
The major difference was that a high degree of compaction had been carried out. Only
microscopic voids were visible in the concrete at the steel interface.

A completely different project has yielded information on reinforcement corrosion
and its progression over some 28 years of exposure. Three-meter long reinforced concrete
beams (36 in total) were exposed to artificial chloride-rich wet and dry cyclic laboratory
conditions in ambient temperatures between about 5 and 20 ◦C [50]. After only a few
months of exposure, some initial corrosion was reported but after the first few years (about
4–5) the corrosion rate declined significantly [28]. This was assumed to be due to rust
products and calcite blocking oxygen access through the cracks. More severe general
and pitting corrosion of the steel reinforcement bars was observed after 14, 23, 26, and
28 years of exposure, together with concrete cracking and damage [34]. However, even
after 28 years of exposure, the corrosion of the reinforcement was considered very mild and
highly erratic along the steel bars, with some longitudinal sections still showing no obvious
corrosion, despite the low concrete cover in some beams (10 mm). In all cases, most of the
corrosion occurred along the bottom of the bars (of the horizontally-cast beams).

The corrosion losses were reported as a loss of the cross-sectional area of the main
reinforcement bars, sampled at numerous locations along the bars. The cross-section
area loss for the two 12 mm diam. main reinforcement bars in each beam tested show
considerable variation but mostly in a range of 20–25 mm2. Converting this to corrosion
loss produces an average (radial) corrosion loss of 0.32 mm after 28 years. The corrosion
losses at the shorter exposure periods show a linear trend from negligible corrosion at
4.5 years [34] which, taken together, are equivalent to a long-term rate of reinforcement
corrosion rsc = 0.014 mm/y (Figure 14). Since only one concrete mix was used throughout,
with a similar workmanship for all the specimen beams, there is no information on the
potential effects of concrete mix design or concrete compaction.

Returning now to the experimental results reported by Shalon and Raphael [47],
Figure 3 summarizes their observations of corrosion losses as functions of water-cement
(w/c) and aggregate-cement (a/c) ratios. For the combinations shown, trends have been
added through the data points, in most cases fitted using the Stineman [51] non-linear
“best-fit” function. In a few cases interpreted trends are shown. These are based on the
data points but in between build on the expected overall consistency with the majority of
the best-fit trends.

Remarkably, throughout all the plots, the bi-modal corrosion loss trend for the cor-
rosion of the reinforcement steel is clearly evident (Figure 3). It occurs within the first
1–2 years of exposure. Remarkably also, the rate of longer-term corrosion rsc is highly
consistent, in all cases around 0.015 mm/y for the whole of the (wide) ranges of aggregate-
cement and water-cement ratios. Due to the inverse relationship between the concrete
strength and concrete permeability [52], this result can be interpreted immediately since
showing rsc is not strongly dependent on concrete permeability.
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Figure 3. (a–e) Data and trends for mass losses derived from data reported by Shalon and Raphael, 1959 [47] showing
dependence on the exposure period for different aggregate-cement and water-cement ratios. Most of the trends are best-fit,
some are interpreted. Where shown, the long-term tangent line can be used to estimate csc and rsc. In all cases, rsc is about
0.015 mm/y, across all aggregate-cement (a/c) and water-cement (w/c) ratios. Note the bi-modal corrosion loss trend within
the 1–2 year period of exposure for most trends.
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The majority of the trends in Figure 3 show that after the first 2–3 years the trends
tend to be linear at a rate rsc ≈ 0.015 mm/y. This appears almost independent of the
precise proportions of the concrete mixes. In Figure 3a,b, some concrete mixes with high
water-cement ratios (i.e., very wet mixes) show very little corrosion, at least for the first
3–4 years, followed by corrosion losses that are more consistent with the other data sets.
Although the exposure periods are not sufficiently long to confirm, the data trends do
suggest that for these cases, too, the pattern is the same as the others, albeit delayed in time.

For the cement-rich trends in Figure 3a, it is seen that corrosion losses are relatively
low, and one case, at least, shows rsc approaching zero. This is consistent with the expec-
tations noted above for high impermeability concretes. It also is consistent with practical
observations even after periods of marine exposure exceeding 80 years [5].

The plots in Figure 3 allow the parameter csc to be extracted. The results are sum-
marized in Figure 4 as functions of the w/c and a/c ratios. Evidently, csc increases with
increased water-cement (w/c) ratio and then declines for the further increase in w/c. This
trending for csc is slightly later and also higher for concretes with high w/c ratios.

Figure 4. Parameter csc as a function of a/c and w/c ratios.

In interpreting the results in Figure 4, it is reasonable to assume that the lack of
compaction of the concrete once the bars had been “placed” in them [47] would have left air-
voids at the steel-concrete interface. These air-voids can be expected, after concrete setting,
to be greater for the concretes with higher w/c ratios as a result of greater shrinkage with
higher water content. This is likely the reason for greater values of csc with increased w/c
ratio. As shown in Figure 4, initially the higher a/c ratio produced higher values of csc but
this is not the case for a/c greater than about 4–6, for which cs declines with a/c. As noted,
this behavior is likely to be a result of the permeability of the concrete. Comparisons with
other scenarios are of interest. For example, for sand particle-steel interfaces, permeability
and voids are known to influence localized corrosion [53]. This holds also for spherical
glass beads on metal surfaces [54] and for poorly compacted clays [55]. In each case, the
observations can be attributed to the effect of voids on differential aeration at the void-space
and also on their size (volume).

For the more permeable concretes, i.e., those with a/c ratios > 2, the overall long-term
corrosion loss c(t) as a function of continuous exposure time t is given by:

c(t) = csc + 0.015 (t − ti) for t > ti (1)

where t is the actual elapsed time, ti > 0 is the (estimated) time to initiation, and csc
is obtained from Figure 4. For a/c ratios < 2 Equation (1) overestimates c(t). There is
insufficient data to be quantitatively more definitive but it is clear from Figure 2 and the
above discussion that for such cases csc → 0 and rs → 0.
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While there appears to be no data in the literature for the parameter csc (rightly, since
this parameter has only recently been identified), some information is available from
which to make estimates for rs. Beaton et al. [56] reported that typical corrosion rates
equivalent to about 0.012 mm/y for RC piles above the mudline, and up to 0.18 mm/y
elsewhere, both for 37 years of exposure, are sufficiently long to be taken as estimating
rs. Stewart and Rosowsky [57] proposed long-term corrosion rates in the range 0.011–0.23
mm/y, based on current density measurements for superficially sound concretes [58,59].
Moreover, Andrade and Alonso [60] and Sagüés et al. [10] reported longer-term rates
around 0.01 mm/y based on electrochemical measurements. These estimates bracket the
rate derived from the experiments in Figure 3.

4. Commencement of Corrosion at tact

The lower trend line shown in Figure 2 represents the practical observations that high
quality, very low permeability concretes with no discernable air-voids show almost no
corrosion. Figure 5 shows an example, for marine concretes recovered from bridge piles
more than 80 years old [5]. As noted, for these there was no observable corrosion so that
both csc and rs → 0. Under these conditions, some other mechanism must come into play
if reinforcement corrosion is to become possible. Recent experimental observations have
shown that this involves the loss, through dissolution, of calcium hydroxide (Ca(OH)2)
in the concrete surrounding the reinforcing bars, leaving behind a concrete matrix with
pH around 7–8 [13]. Usually the dissolution process is very slow but it is accelerated
proportionally to the concentration of chlorides in the solution [61]. The experimental
results showed that the dissolution process leaves behind a permeable concrete matrix and
clear evidence that oxygen can readily permeate through it to oxidize the reinforcement [13].
Thus, not only the lowering of concrete pH at the reinforcement bars but also the greater
permeability for oxygen leads to the severe rate of corrosion after tact (Figure 2).

Figure 5. Example of high quality, well-compacted concrete broken open after more than 80 years
of continuous marine exposure, showing the void-free surface that interfaced with the steel 32 mm
diameter reinforcing bar (removed for clarity). No corrosion was detected along the whole 5–7 m of
reinforcement bar (photograph © RE Melchers, 2020).

The rate of loss of alkalis for high quality concrete may be estimated, to a first ap-
proximation, by assuming a constant rate of loss of Ca(OH)2 from first exposure onwards.
Figure 6 shows a summary of the loss of Ca(OH)2 over a period of 10 years for different
water-cement and aggregate-cement ratios and for concretes made with seawater and with
freshwater [13].
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Figure 6. Depth as measured from the exterior concrete surface of loss of concrete alkali as measured by pH on the concrete
cross-sections (based on data in Melchers and Chaves, 2020 [13]).

The trends in Figure 6 may be used to estimate the expected time before a complete
loss of alkali material and thus, the local development of a concrete matrix permeable
to oxygen. By way of example, for an (uncracked) concrete made with freshwater with
(moderate) water cement ratio of 0.5 and an aggregate cement ratio of 4:1, Figure 6 indicates
that the depth of alkali dissolution is about 2 mm in 10 years or 0.2 mm/y. For a concrete
made with seawater the corresponding rate is about 0.3 mm/y. Thus, a concrete structure
with a cover of 50 mm would commence with active corrosion caused by the loss of alkalis
after tact = 250 and 165 years, respectively. For a leaner concrete, say a/c = 5:1, the respective
depths of loss of Ca(OH)2 are greater and the rates are higher (about 0.23 and 0.45 mm/y),
and the expected times shorter, 220 and 110 years, respectively. These comparative times
demonstrate the significant effect of chlorides on the rate of alkali dissolution. They also
demonstrate the importance of aggregate-cement ratio, which is the importance of cement
content relative to the aggregate content.

In both examples the time estimates appear to be high, but they are not unrealistic
when compared, for example, with observations for reinforced concrete piles exposed
to Pacific Ocean immersion, tidal and splash conditions for over 80 years [5]. Full-sized
(380 mm × 460 mm) cross-sectional samples of these showed concrete cross-section pH
readings around 12, except for the outer 2–3 mm, despite very high chloride concentrations—
around ten times the normally accepted threshold. Importantly, the cement content for
these piles was high, with a/c ratios estimated around 4.5:1. Similar to the specimens in the
Shalon and Raphael [47] experiments, these piles were all uncracked. The effect of cracks is
considered in the next section.

5. Corrosion at Deep (Hairline) Cracks and Other Imperfections

The conventional wisdom, for example, as codified in standard specifications, is
that cracks in the concrete of less than about 0.3 mm across are of negligible importance.
Tracing the origin of this criterion shows that it is derived from short-term laboratory
experiments [62]. However, other reports have discounted crack width as the important
parameter in favor of the “existence” of a crack [50,63], while several practical reports have
noted severe localized reinforcement corrosion for very narrow (i.e., hairline) cracks that
extended to the reinforcement [10,64,65]. Similar observations have been made in other
practical cases.

33



Corros. Mater. Degrad. 2021, 2

Figure 7 shows an example of very severe, so-called “tunneling” corrosion of a 6 mm
diam. steel bar after 65 years of exposure in marine atmospheric conditions along the North
Sea [66,67]. In this case, corrosion had penetrated along the bar axis for about 6–8 mm but
had left a “sleeve” at the outer surface of the bar. Figure 8 shows the very considerable
localized reinforcement corrosion of two of four 32 mm diam. steel bars together with
watery-looking rust stains located at a cracked cross-section exposed in Pacific Ocean tidal
conditions for about 85 years [5]. In both cases the cracks were “hairline” in width. In
neither case were rust deposits or rust stains visible on the exterior surfaces of the concretes,
including at or near the hairline cracks.

Figure 7. Corroded end of 6 mm diam. reinforcement bar extracted from 65-year-old concrete
exposed to a severe marine atmosphere. Note the tunneling corrosion extending inwards about
6–8 mm.

Figure 8. End view of remains of 32 mm diam. reinforcement bar, with watery-looking rust stains on a
cracked concrete cross-section, after 85 years of exposure to seawater in tidal conditions (photograph
courtesy of Clayton Smith).

Two questions arise immediately from these cases: (a) What were the corrosion mech-
anism(s) and (b) where did the corroded steel go, and how? In both cases, a critical
observation is that there was a (hairline) crack from the exterior concrete surface into the
concrete and deeper than the location of the reinforcing bars. While initially the hairline
crack could permit some access of atmospheric or dissolved oxygen to the reinforcement
bar, any build-up of rusts would soon convert local conditions to predominantly anaerobic,
and move the local steel corrosion process into Mode 2, governed by the cathodic HER
with the generation of pits and acidic ferric chlorides (Figure 1c) [41]. Being water-soluble,
the ferrous chlorides are able to leach easily from the corrosion site via the hairline crack-
ing. Taken together, these aspects allow a mechanism to be postulated to explain the
observations in Figures 7 and 8.

At the commencement of Mode 2, corrosion will be, as noted, predominantly by
pitting under anaerobic conditions at a corrosion rate ra (Figure 1c). As corrosion develops
it will be through successive pitting, each pit depth step restrained in depth, followed
by sideways growth of the pits with amalgamation of adjacent pits, followed by further
pitting [68]. This pattern leads to the sequential development of corrosion by pitting as
shown in Figure 9. In the earlier stages, corrosion of the steel bar is from the concrete crack
inwards with, through radial amalgamations of pits, the development of (for a circular bar)
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an annular ring of corrosion. Eventually, the center of the steel bar will be reached, leaving
an annular grove around the bar. One-half of this forms the sharp-pointed bar geometry
shown in Figure 8. Further corrosion is possible only for the remaining exposed metal of
the annular ring, attacking each side independently. Corrosion will progress along the axis
of the bar, more severely along the center as this is the predominant source of iron and
also the location of impurities that arise from hot-rolling, which are known to increase the
rate of corrosion slightly (Figure 9) [69,70]. The eventual effect is to produce the tunneling
corrosion seen in Figure 7. The fact that the tunneling shown in Figure 7 occurred at about
65 years of exposure, some 20 years earlier than that shown in Figure 8, is largely due to
the considerable difference in bar diameter—6 mm compared with 32 mm.

Figure 9. Schematic representation of the progression of initially very localized corrosion at a hairline
crack, development of corrosion further into the bar, and the eventual development of tunneling
corrosion along the centerline of the bar.

Much of the corrosion development shown in Figure 9 is governed by anaerobic, high
chloride conditions, producing, as noted, highly soluble FeCl2 that can move easily through
the (hairline) crack to the external environment, leaving little or no trace of rust deposits
such as red-brown rust spots (Figure 8). On reaching the external environment the FeCl2
will be oxidized to FeOOH or to essentially similar insoluble rusts [71]. These may leave
characteristic rust stains on the concrete or more likely are washed away, by rainwater or
seawater, and thus leaving little or no trace.

Since there is no deposition of corrosion products within the crack to inhibit the rate
of the corrosion reaction, ra remains the governing corrosion rate. It can be considered
to act perpendicular to all corroding surfaces, including at the deepest penetration (i.e.,
perpendicular to the longitudinal axis of the reinforcing bar) (Figure 9). It follows that a
first estimate of the loss of bar radius, Δr, over a time interval (t − t0) is given by:

Δr(t) = ra (t − t0) (2)

Here, t0 represents the time period prior to the commencement of the above corrosion
process. In most cases, this will be approximately t0 = 0. The rate ra may be extracted
from earlier work that considered the commencement of anaerobic corrosion for steel
in seawater [38]. Figure 10 shows the results of field observations at different average
seawater temperatures for exposure sites in different parts of the world.
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Figure 10. Initial corrosion rate (ra) at the start of Mode 2 of the corrosion trend model for steel
(Figure 1c) with a pitting corrosion uninhibited by the rust build-up (based on data in Melchers,
2003 [38]).

Assuming no obstructions or rust products develop to inhibit the free movement of
FeCl2, Equation (2) can be expected to also apply to the rate of tunneling corrosion once
the centerline of the reinforcing bar is reached and the only available steel for corrosion
is the steel bar cross-section. In essence, this means that Relationship (2) also applies for
corrosion that goes “around corners”.

Predictions from Equation (2) may be compared with observations, such as for re-
inforced concrete handrail elements along the North Sea at Arbroath, Scotland [66,67].
According to Figure 10, ra = 0.11–0.14 mm/y for an annual average temperature of 10 ◦C.
For 60 years of exposure and with ra = 0.11 mm/y it would take 27 years to fully penetrate
a 3 mm radius bar, leaving 33 years to produce a tunneling depth of 3.6 mm. If the rate ra
= 0.14 mm/y, these figures become 21 years and 5.4 mm of tunneling depth. The latter is
consistent with physical observations (Figure 7).

For the Hornibrook bridge case (Figure 8), the average water temperature is about
22 ◦C, so that ra is in the range of 0.22–0.27 mm/y, with, over 85 years, an estimated
penetration of about 19–23 mm. This estimate is somewhat greater than the physical radius
of the bars (16 mm) but is not inconsistent with the observations. Better consistency can
be derived if t0 is in the range of 15–25 years—not unreasonable for a concrete that had
maintained pH around 12 after 85 years of exposure [5].

Corrosion in hairline flexural cracks in beams is likely to follow a pattern similar to
that outlined above. Unfortunately, the flexural cracks observed in the full-scale laboratory
tests of François et al. [27] and Zhu et al. [34] are much wider than the hairline cracks and
thus, more exposed to the environment. As noted, such cracks are not typical of those in
actual structures under normal service (“sustained”) load conditions.

6. Discussion

The analyses presented above permits the development of practical models for initia-
tion and for progression of corrosion of steel reinforcement in concretes—models based
on practical observations and on interpretations from fundamental theory. Most empirical
models in the literature do not reference back, even partially, to fundamentals. Predomi-
nantly, they rely on the assumption that chlorides are the main driver for reinforcement
corrosion. This is despite many practical cases having provided empirical contrary evi-
dence. Recent detailed experimental observations, coupled with observations discounting
the role of chlorides for general corrosion in quiescent conditions have demonstrated the
important role of wet air-voids in the concrete matrix at the steel surface as reservoirs
for oxygen and water and that only when these are present do chlorides advance the
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potential for corrosion, and specifically for pitting corrosion [39]. The experimental work
showed that it is pitting corrosion that ultimately drives the initiation process, even in
high pH environments. Remarkably, the role of chlorides in relation to the pitting corro-
sion potential has been known for many years [46]. However, it has almost always been
ignored in discussions of the initiation of corrosion in concretes with their normally high
alkalinity. Moreover, while some studies have reported the presence of air-voids, very few
have mentioned any related pitting and its possible influence on initiation [33]. Failure to
account for these effects may explain (a) the wide variation in the “critical chloride concen-
tration” derived from various studies and (b) the apparent conundrum in establishing a
relationship between the concentration of chlorides and corrosion initiation in practical
structures. Without considering air-voids to supply oxygen (and water) there can be no
corrosion, irrespective of the concentration of chlorides at the reinforcement steel.

The size of the air-voids where the concrete interfaces with the steel is important.
As follows directly from theoretical considerations, and as shown in practical cases, it
governs the amount of corrosion that can occur after initiation and is reflected in the
parameter csc (Figure 2). Void-size is related to permeability but more importantly to
the degree of concrete compaction. Where compaction of the concrete around the bars
is poor, larger air-voids are likely both throughout the concrete matrix and against the
formwork and at reinforcement bars. For the latter, air-voids are often observed on the
underside of horizontal reinforcement bars, irrespective of whether they are “top” bars or
bars in the lower parts of a beam or slab [72]. This has been observed also for laboratory
specimens [12,73,74]. These observations provide one explanation to why spalling is mostly
from the underside of beams rather than from the sides, even for a similar concrete cover
and when exposure to seawater or seawater spray is similar.

For well-made, well-compacted, impermeable concretes air-voids tend to be very
small or negligible (Figure 5). Practical experience shows that the initiation of reinforce-
ment corrosion, if it occurs at all, is then not a significant issue. Experiments that observe
reinforcement corrosion over extended time periods show that for such concretes reinforce-
ment corrosion effectively ceases after a relatively short time (cf. AB in Figure 2). There is
little corrosion product and negligible or no structural damage. As the size of air-voids
increases, corrosion at initiation tends to increase also (Figure 2). Moreover, in this scenario
concrete permeability (for oxygen) is likely to be greater. This will result in a somewhat
greater longer-term rate rs and an earlier time tact to serious damaging corrosion (Figure 2).

Shalon and Raphael [47] interpreted their data along conventional lines at the time.
Their observations led others to make a conclusion that concretes should not be made
with seawaters due to their high chloride content (even though the use of seawater had
been a standard practice in many locations for many years). The analysis given herein
shows that the Shalon and Raphael data can be interpreted in an entirely different way
when using the recently exposed importance of air-voids in the concrete, as well as when
the bi-modal model for the progression of steel corrosion are taken into account. The
analysis given above shows that air-voids, with chlorides present to allow pitting corrosion
to be thermodynamically feasible, drive the amount of corrosion soon after initiation.
Reinforcement corrosion then follows the bi-modal trending and, since the rate of oxygen
availability is inhibited by the concrete cover, reinforcement corrosion soon reaches linear
trending, idealized as BC in Figure 2. It corresponds to the predominantly anaerobic (Mode
2) part of the bi-modal model.

The data reported by Shalon and Raphael [47] clearly show the effect of concrete mix
design, with concretes having higher a/c ratios (i.e., lean concretes) and having linear
trending for much longer than for the other concrete mixes (Figure 3c,d). However, the
effect on rs is small, while the effect on csc is consistent with the parameter (aggregate-
cement ratio) having the most effect on permeability (Figure 4). The overall consistency
seen in Figures 3 and 4 adds a degree of confidence to the proposed model.

The concrete cover thickness was not considered by Shalon and Raphael [47] but
from experience it is known to be an important parameter, even in non-chloride environ-
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ments [52]. Depending on the exposure environment, it normally is assigned the role of
inhibiting diffusion of oxygen, chloride, and carbon dioxide to the reinforcement. However,
in terms of the present exposition, the concrete envelope around reinforcement also is
important. It retards the loss of ferrous ions from the external oxidation of the rusts [43]
and, in the earlier stages, it tends to keep the rusts in place, protecting them from oxidation,
abrasion, erosion or velocity effects as typical in some other environments. Again, this
interpretation provides a completely different perspective to the conventional view that the
rate of supply of oxygen governs the rate of oxidation at the concrete-steel interface. Such
behavior would not result in the long-term linear trends seen in the experimental data.

The oxidation of the external rust layers likely accounts also for the practical ob-
servations of concrete cover spalling and high degrees of reinforcement corrosion when
the cover thickness is small. Usually, such spalling is attributed to an overall expansion
of the rust envelope around a reinforcement bar. This may be exacerbated by excessive
(e.g., atmospheric) temperature variations damaging the concrete material. However, the
concept of oxidation of the external rust layers is likely to be just as damaging, but has the
advantage of being consistent with theory.

One question about the data from the Shalon and Raphael [47] experiments is whether
their use of calcareous aggregates had an effect on the results obtained. This should be seen
in the context of the pH for concrete in many actual structures being still around 12 after
many years of exposure [13]. Where serious alkali leaching has begun to occur the presence
of calcareous material may delay the drop in pH of the concrete, keeping it at around 9 by
virtue of the calcareous material. This was noted, for example, for 65 year-old concretes
exposed to marine atmospheres [66]. In addition, a survey of many reinforced concrete
structures and the likely aggregates used for their concretes indicated that those made
with calcareous aggregates tended to have longer effective lives [75]. For these, the time to
initiation was much more difficult to estimate ex post. However, the practical experience
suggested that the use of calcareous aggregates is not a critical issue for initiation or for
rsc. Instead, it appears to have the effect of maintaining somewhat longer the alkalinity
necessary to maintain a concrete pH above 9. It is an area that has had little investigation
and could benefit from further research.

A second question about the data from the Shalon and Raphael [47] experiments is
whether the permeability of the concrete, and the air-voids at the steel-concrete interface,
is reflected properly by their aggregate-cement and water-cement ratios. Both are often
associated with permeability (e.g., [52]) but whether these parameters provide realistic
representations of permeability for actual concretes is an open question.

As noted, in the Shalon and Raphael experiments the steel bars were placed into
the concretes. There is no information on compaction. Air-voids were not mentioned
in the published paper. It is reasonable to assume that if they had been observed they
were unlikely to have been considered important and therefore were not measured. More
broadly, it appears that since the availability of vibrators from the 1940s onwards it has been
assumed that the vibrators produce adequate concrete compaction. It is unclear whether
this was ever assessed in terms of air-voids around, and in particular under, reinforcement
bars. It is also unclear whether mechanical vibration has been assessed relative to the
earlier techniques of hand-rodding and hand-tamping. In view of the above discussion
about the importance of air-voids, a further investigation appears warranted, preferably
using realistic concretes and realistic compaction techniques.

Overall, more regard should be paid to the actual experience of actual structures,
particularly those with highly repetitive, but individually made elements since these could
be considered examples of very large experiments. They certainly are realistic, much more
so than any laboratory concretes and even more so than electrochemical tests. There are also
related experiences, not for reinforced concrete but for systems with a steel-particle contact,
and without high pH conditions, and in some cases with seawater present. Despite these
apparently adverse conditions, the evidence is compelling. It has long been recognized
that bare steel piles driven into sands and muds in seawater conditions show essentially no

38



Corros. Mater. Degrad. 2021, 2

corrosion even after many decades of exposure except at the sand/mud-seawater interface
zone [76]. Similarly, ferrous iron pipes buried in extremely well compacted clay soils with
acidic soil pH around 5–7 show almost no corrosion, again over many decades, simply
since oxygen is excluded, particularly from the external rust surfaces [77]. The lessons from
these observations are obvious and it is clear that the pre-occupation with chloride-induced
corrosion for already high pH concretes does not sit well with these observations. It also
does not sit well with the practice over many years of permitting concretes to be made with
seawater [8], even though this practice was banned in many countries in the 1960s. The
ban has been attributed by some authors (e.g., [52]) in part to the very paper used herein—
namely Shalon and Raphael [47]. The present paper, and the earlier work [4,44], indicate
that the problems with many reinforced concrete structures are not so much with chlorides
but with the conditions (poor concrete permeability, permeable perhaps thin concrete
cover, deep and possibly hairline cracking, and damage to the concrete matrix and cover
from material issues such as alkali-aggregate reactions [78]) that permit such corrosion
to progress after initiation. For atmospheric exposures, there is also the issue of thin
concrete covers deteriorating under high temperature fluctuations. These are all potentially
important matters of detail that may affect the progression of reinforcement corrosion.

Finally, the present developments show that provided the above matters of detail are
properly considered, reinforced concrete structures can have extended service lives, even
in high chloride environments. This is provided the concretes are well-made and have no
or negligible air-voids in the concrete at the steel-concrete interface. The model proposed
herein allows for some degree of corrosion after initiation, as caused by the volume of
air-voids and as subsequently increased at a rate of about 0.015 mm/y, influenced only
a small amount by the permeability of the exterior (cover) concrete. In this model it is
not necessary to consider the imposition of concrete flexural cracking since in practice
most concrete structures show little or negligible degrees of concrete flexural or other
cracking. Therefore, it is inappropriate to use data for the corrosion of reinforcement in
concrete structures when these have induced crack sizes much larger than occur under
normal sustained loadings. The present results and proposed model show that it is possible
to design and make reinforced concretes that avoid reinforcement corrosion or reduce it
to negligible levels, as has been shown by experience to be feasible in practical concrete
structures. As noted, this requires low permeability and very well compacted concretes to
ensure there are minimal air-voids at the reinforcement, in particular under horizontal bars.
Such concretes will also delay the loss of concrete alkalinity, a rate that can also be reduced
through an adequate cement content so as to add the acid-buffering capacity and thereby
delay the long-term development of alkali-leached concrete permeability, which will permit
a much greater rate of oxidation commencing at tact. The fundamentals for achieving good
quality durable concretes have been well-known in the industry for many decades, but the
experiences have not been placed in quite the context outlined herein. The present analyses
provide the theoretical support for such experiences. It also makes clear where attention
must be focused to achieve long-term durable reinforced concrete structures.

7. Conclusions

The following conclusions may be drawn from the material presented herein.
1. The development of reinforcement corrosion after initiation can be represented by

a relatively fast increase to csc followed by a slow rate of corrosion defined by rsc, where
csc depends on the aggregate-cement ratio and water-cement ratio of the concrete and rsc
is about 0.015 mm/y of the general corrosion for most concrete mixes. Concretes with
extremely low permeability are associated with very low values of rsc.

2. For aggregate-cement ratios less than about 4, the parameter csc increases with the
aggregate-cement ratio but decreases for higher aggregate/cement ratios, in both cases
more so for higher water-cement ratios. This is attributed to the effect of the water-cement
ratio on concrete permeability.
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3. The slow loss of the low solubility concrete alkali calcium hydroxide leads, for
extended exposures, to a much reduced concrete pH and to a porous concrete matrix that
permits the entry of atmospheric or dissolved oxygen, which then causes oxidation of the
revealed reinforcement bars. Since the solubility of calcium hydroxide is accelerated in the
presence of seawater, corrosion will likely occur earlier for otherwise similar conditions.

4. In some conditions, severe corrosion may occur at deep hairline cracks intersecting
the reinforcement and in the presence of chlorides, without necessarily leaving “tell-tale”
rust stains. The process involves water-soluble ferrous chloride formed in corrosion
pits leaching to the external environment, eventually leaving a characteristic tunneling
type of corroded bar. Empirical data show that for seawater with an average water
temperature in the range of 10–20 ◦C, the corresponding rate of corrosion ra is in the range
of 0.22–0.27 mm/y.
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Abstract: Microbially influenced corrosion (MIC) is responsible for significant damage to major
marine infrastructure worldwide. While the microbes responsible for MIC typically exist in the
environment in a synergistic combination of different species, the vast majority of laboratory-based
MIC experiments are performed with single microbial pure cultures. In this work, marine grade
steel was exposed to a single sulfate reducing bacterium (SRB, Desulfovibrio desulfuricans) and various
combinations of bacteria (both pure cultures and mixed communities), and the steel corrosion studied.
Differences in the microbial biofilm composition and succession, steel weight loss and pitting attack
were observed for the various test configurations studied. The sulfate reduction phenotype was
successfully shown in half-strength marine broth for both single and mixed communities. The highest
corrosion according to steel weight loss and pitting, was recorded in the tests with D. desulfuricans
alone when incubated in a nominally aerobic environment. The multispecies microbial consortia
yielded lower general corrosion rates compared to D. desulfuricans or for the uninoculated control.

Keywords: corrosion; metabarcoding; MIC; multispecies; SRB

1. Introduction

The corrosion of metals immersed in the marine environment is a well-known issue,
which can also be accelerated by the activities of a diverse range of microbes in a process
known as microbially influenced corrosion (MIC) [1,2]. An example of MIC is the rapid
failure of metal structures, typically in the form of localised corrosion around low tide
level, which is referred to as accelerated low water corrosion (ALWC) [3,4]. ALWC has
been reported on steel structures (e.g., sheet piling) in many ports and harbors worldwide.
The reduction in thickness of steel pilings, which can be up to several mm/yr, is one of
indications used to diagnose ALWC [5]. In the UK alone, the short-term cost of ALWC was
estimated to be ~£250 million [3]. Methods to minimise ALWC include the application of
cathodic protection, coatings and the use of special grade steel. Further work, however,
is required in order to obtain a better understanding of the complex roles and types of
microbes involved in ALWC.

Biofilm formation is a biological process that takes place in humid/aquatic environ-
ments, and involves a series of developmental steps. In the natural environment these
intricate microbial structures typically contain a diverse range of microbes with complex
interactions [6,7]. In relation to ALWC, different microbes are likely to play specific roles in
the overall corrosion process, including the development of a biofilm on the steel structure,
nutrient provision/cycling, as well as producing and maintaining an anaerobic environ-
ment. Specific microbes are responsible for the corrosion process [5,8,9]. Sulfate reducing
bacteria (SRB), e.g., Desulfovibrio desulfuricans, are probably the best known bacterial group
in relation to microbial corrosion and ALWC [10,11]. The SRB corrosion process is typically
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associated with a black biofilm on the surface and localised corrosion underneath [12].
In addition to SRB, sulfur oxidising bacteria (SOB) have been implicated in ALWC, and
the presence of both microbial groups will contribute to the sulfur cycle and subsequent
corrosion [5,8,13–17].

While there have been a large number of studies of MIC in the laboratory, most of
these have failed to replicate the accelerated corrosion rates observed in the field. One
of the possible reasons for this is that most tests use single microbial strains in the ex-
periments (most commonly SRB), which is very different to the mixed microbial species
found in biofilms associated with accelerated corrosion in the real environment [9,18–21].
Another possible reason is that the testing arrangement used (e.g., test media, oxygen
levels and test duration) may influence the processes (abiotic and biotic) required for the
accelerated corrosion.

Various laboratory MIC experiments have employed undefined combinations of mi-
crobes (e.g., [5,22–25]). While this might be more similar to the field situation, the largely
unknown combinations of microbes make replication impossible and the roles of any indi-
vidual species cannot be determined. Several MIC studies using known microbial strains in
various combinations have been undertaken, and have showed how the strains collectively
affect corrosion (see Table S1). In some of the latter, the multispecies combinations have led
to increased corrosion and in others decreased corrosion.

The mechanisms responsible for MIC are hypothesised to include transfer of electrons
from the metal of interest to the SRB and/or biochemicals produced as part of metabolic
processes [26,27]. Both require the presence of a suitable electron donor and electron
acceptor. The artificial supply of electron donors could facilitate increased corrosion
compared to real world scenarios since seawater typically has relatively low levels of
organic carbon sources [28]. Several researchers have shown that different test media used
in MIC studies can affect the level of corrosion [29–31]. Additionally, specific strains of SRB
(e.g., Desulfopila corrodens and Desulfovibrio sp. strain IS7) have been linked to the direct
electron uptake from an iron/steel surface [26] and have also been detected in field studies
of ALWC [9,17,23].

This research adds to the understanding of the effect of multispecies microbial consor-
tia in relation to microbial corrosion such as ALWC. The work involved exposing marine
grade steel to an ALWC biofilm from a marine environment, pure culture isolates from
an ALWC biofilm or adjacent locations, D. desulfuricans or to an uninoculated media (i.e.,
negative control). The hypothesis of this work was that the combinations of microbes
would produce increased rates of corrosion compared to tests with single isolates or an
uninoculated control.

2. Materials and Methods

2.1. Steel Test Coupons

Marine grade DH36 carbon steel [32] was chosen for this research due to its widespread use
in shipbuilding and offshore structures. The metal coupon dimensions were 25 mm × 25 mm
with a thickness of 6 mm. A 2 mm diameter hole was drilled in each coupon near the
middle of one of the edges (3–4 mm from the edge) to allow coupons to be hung vertically
in the aqueous corrosion tests. The top and bottom surfaces of the coupons were prepared
using an automatic grinding machine (Tegramin-25, Struers, Cleveland, OH, USA) with
a series of silicon carbide papers i.e., 320, 500 and 1200 grit. The edges were manually
ground with 320 grit silicon carbide paper. After grinding, the coupons were cleaned by
immersing in acetone in an ultrasonic bath for 8 min, rinsed thoroughly with distilled
water and then absolute ethanol, and finally dried under warm air. Coupon weight was
measured using a high accuracy analytical balance (MS205DU, readability 0.01 mg, Mettler
Toledo, Mississauga, Canada) shortly before the corrosion tests.
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2.2. Bacteria and Test Media Details

The four marine isolates were Halomonas korlensis, Bacillus aquimaris, Prolixibacter
bellariivorans and Sulfitobacter pontiacus. Their presumed phenotypes cover a range of
potential functions relevant to oxygen tolerance, biofilm formation and MIC. H. korlensis is
a denitrifier/nitrate–nitrite reducing facultative aerobe [33] that was isolated from marine
sediment [21]. B. aquimaris is a nitrate/metal ion utilising aerobe found in marine environ-
ments/biofilms/corrosion steel surfaces [34,35] that was isolated from an orange ALWC
tubercle [36]. P. bellariivorans is an iron-relating/sugar-fermenting anaerobe [37,38] that
was isolated from an orange ALWC tubercle [36]. Finally, S. pontiacus is an obligate aerobe
which belongs to the Rhodobacteraceae group which are noted for surface association [6]
and can reduce thiosulfate and sulfite to sulfate [39]. It was isolated from a microbial test
kit (used to determine ALWC microbial functions) that was inoculated with an ALWC
tubercle sample.

SRB are frequently associated with microbial corrosion (including ALWC), and a
culture collection strain of an SRB, D. desulfuricans (ATCC 27774), was used. In addition
to the five pure cultures, a consortium of microbes found in an orange tubercle from a
suspected case of ALWC on steel sheet piling was also used in one of the test conditions [36].

Pure cultures of the marine isolates (stored at –80 ◦C in glycerol), were freshly grown
on marine agar (MA, BD Difco, Franklin Lakes, NJ, USA) plates in an aerobic environment.
These cultures were then used to inoculate 45 mL volumes of autoclaved (121 ◦C, 1 atm
for 16 min) half-strength marine broth (MB 1

2 , BD Difco, Franklin Lakes, NJ, USA), which
were incubated aerobically at 25 ◦C for 72 h. Since MB has relatively high nutrient levels, it
was diluted to better mimic seawater. Plate counts on MA were performed for all culture
broths using serial ten-fold dilution and triplicate plating.

D. desulfuricans was grown in tryptic soy broth (Merck, Darmstadt, Germany), sup-
plemented with sodium lactate (4 mL/L) and magnesium sulfate (2 g/L). The medium
was adjusted to pH 7.5 prior to autoclaving (121 ◦C, 1 atm for 16 min), after which 0.5 g/L
of 0.22 μm filter-sterilised ferrous ammonium sulfate was added. D. desulfuricans was
incubated in an anaerobic jar at 25 ◦C for 72 h, with a gas generator sachet (AnaeroGen,
Oxoid, Basingstoke, Hampshire, UK) and indicator (Resazurin, Oxoid, Basingstoke, Hamp-
shire, UK). A black culture broth was obtained after incubation, which is an indication of
ferrous sulfide production due to sulfate reduction. Plate counts of bacteria were performed
anaerobically on modified tryptic soy agar (TSA+, prepared as for the modified tryptic soy
broth but with 1.5% agar included prior to autoclaving).

An orange tubercle from an ALWC setting had been sampled previously and was
stored frozen at −80 ◦C. The ALWC consortia inoculum for this work was prepared by
adding 2.5 mL of thawed inner and 2.5 mL of outer tubercle layers to 45 mL of sterile MB1/2

broth (10% inoculation), and incubated aerobically at 25 ◦C for 72 h. All liquid cultures
were gently shaken (~10 s) once a day to help stimulate microbial growth.

Corrosion tests were performed in 500 mL sterilised glass bottles containing 350 mL
of sterile MB 1

2 with each containing a sterile test coupon suspended by Nylon string. The
coupons and Nylon string were sterilised by immersion in absolute ethanol (Merck) for
30 min, then drying in a sterile dry bottle. Subsequently coupons were placed close to
a Bunsen flame (10–15 cm) for 1–2 min to remove any excess ethanol prior to starting
the corrosion tests. For the tests with pure cultures or orange tubercle material, 2 mL
volumes of their 72 h culture broths were added and mixed thoroughly. A total of six test
configurations were carried out (Table 1). All of the tests were nominally aerobic except
for the test with D. desulfuricans (T6) for which anaerobic conditions were obtained by
placing the test bottles in individual anaerobic bags together with AnaeroGen sachets and
resazurin indicators (Oxoid). All the treatments were conducted statically with 6 individual
replicates. All bottles were incubated in a Thermoline Scientific, Australia incubator at 25 ◦C.
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Table 1. Relative abundance of microbes inoculated in laboratory corrosion tests and incubated at 25 ◦C in aerobic or
anaerobic conditions.

Test (Incubation Atmosphere) Brief Description Microbes (cfu/mL)

T1 (aerobic) No inoculum None

T2 (aerobic) Orange tubercle Diverse consortium from an orange tubercle on steel
sheet piling (≥105)

T3 (aerobic) D. desulfuricans D. desulfuricans (2 × 106)

T4 (aerobic) Four marine isolates B. aquimaris (9 × 105), H. korlensis (3 × 105),
S. pontiacus (3 × 106), P. bellariivorans (7 × 104)

T5 (aerobic) Four marine isolates +
D. desulfuricans

D. desulfuricans (2 × 106), B. aquimaris (9 × 105),
H. korlensis (3 × 105), S. pontiacus (3 × 106),

P. bellariivorans (7 × 104)
T6 (anaerobic) D. desulfuricans D. desulfuricans (2 × 106)

2.3. Corrosion Tests

The duration of the corrosion tests was 8 weeks. Testing six replicates allowed a range
of different studies to be performed using separate coupons. Periodic photos of test bottles
were taken to record any changes in media or test coupons.

A total of 40 mL of fresh sterile MB 1
2 was added into each test bottle fortnightly (i.e.,

fed-batch culture) to help maintain microbial viability during the study period. Sampling
of the corrosion tests for bacterial counts was undertaken at weeks 2, 4 and 8 of incubation.
This involved pipetting 10 mL of the culture (5 mL from near the test medium surface
and 5 mL near the bottom of the medium) before nutrient amendment. Bacterial counts
were obtained using MA plates for aerobic (T1–T5, Table 1) and TSA+ plates for anaerobic
(T6, Table 1) corrosion test using serial ten-fold dilutions and duplicate plating. pH was
measured at the beginning of incubation and then after 4 and 8 weeks of incubation.
Aliquots of liquid cultures were stored in −20 ◦C for use in subsequent microbial analyses.

After 8 weeks of incubation, all coupons were removed from the test bottles. Shortly
after removal, a gentle stream of sterile MilliQ water was run over the coupons to remove
any planktonic cells from the biofilms. Pictures of the coupons were then taken. Certain
coupon biofilms/corrosion products were examined by scanning electron microscopy
(SEM), X-ray powder diffractometery (XRD) or energy-dispersive X-ray spectroscopy
(EDS). For these, sterile MilliQ water was used to gently wash the coupons three times,
after which they were air-dried in a physical containment level 2 cabinet for 2 h and
then stored in a desiccator. For SEM of coupon biofilms, one coupon per test condition
underwent fixation with glutaraldehyde solution (2.5 vol %) then dehydration via an
ethanol series (25%, 50%, 75%, 90% and 100%) [40]. Coupons for steel surface analyses
(SEM, 3D optical profilometery, weight loss), underwent a series of cleaning steps to remove
biofilms/corrosion products. Individual coupons were sonicated in sterile MilliQ water for
2 min (the fluid from this was stored at −20 ◦C for subsequent microbial analyses), then in
Clark’s solution [41] for 2 min, followed by rinsing with water and ethanol, drying under
warm airflow and then storing in a desiccator.

2.4. Metal Coupon and Microbial Analysis

SEM (Zeiss SUPRA 40VP-25-38, Oberkochen, Germany) images were taken of the
biofilms and the steel surfaces of separate fixed and cleaned coupons for each of the
test conditions using a range of magnifications (150× to 12,000×). One coupon from
each of the six treatments was used for EDS (Zeiss SUPRA 40VP-25-38, Oberkochen,
Germany and INCA software, version 4.13) to provide semi-quantitative analyses of the
biofilms/corrosion products formed on the coupons. Intensity with weight percent (wt.%)
of chemical elements was averaged from two locations of the biofilm on each coupon
surface. One uncleaned coupon from each of the six treatments was used for XRD (Bruker
D8 Advance, Germany). Compositions of surface products were scanned with a copper line
focus X-ray tube producing Kα radiation from a generator operating at 40 kV and 30 mA.
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Three cleaned coupons from each of the six treatments were used to obtain average
corrosion rates via weight loss using the method described in reference [41]. These coupons
were also used for 3D optical profiling (Bruker Contour GT-K1) to obtain quantitative
information about corrosion morphology. Each metal coupon was scanned over the entire
surface (using 5× objective), and any areas with localised pitting were subjected to more
detailed, higher resolution analysis. Pit depth (μm) and relative volume (μm3) for pits
greater than 10 μm depth were recorded and analysed using VISION 64™ software (Bruker),
and then pit density was calculated by number of pit/mm2.

For corrosion morphology analysis, the pitting depth, relative pit volume and cor-
rosion rates were statistically compared for significant differences among the treatments
(p < 0.05) using one-way ANOVA and Tukey’s post-hoc test (IBM® SPSS™ Statistics ver-
sion 25).

Microbial analysis was based on agar plate counts and 16S rRNA gene metabarcoding.
Relative abundance was determined by a sum of the aerobic and anaerobic counts from the
liquid in each treatment. For metabarcoding, liquid samples of T2, T4 and T5 experiments
(Table 1) obtained at week 2 and week 8, together with biofilm suspensions obtained
following sonication from week 8 samples were sent to a commercial test facility (AGRF,
Adelaide, Australia) for DNA extraction and Illumina MiSeq sequencing. The primer pairs
used were 341F (CCTAYGGGRBGCASCAG) and 806R (GGACTACNNGGGTATCTAAT)
for amplification of the V3–V4 region of 16S rRNA genes. Data were processed using
Quantitative Insights Into Microbial Ecology (QIIME 1.9) followed by METAGENassist [36].

3. Results

3.1. Surfaces of Coupons Before Cleaning

Photos of coupon surfaces were taken directly after removal from the test solution
at the end of the 8-week immersion period (see Figure 1). The T1 and T3 test condition
coupons had orange and black corrosion products on the surfaces, the T4 coupons were rel-
atively free of corrosion products and black films were present on the remaining treatments
(i.e., T2, T5 and T6).

The surfaces of individual test replicate coupons set aside for biofilm/corrosion
product examination were observed using the SEM (Figure 2), and analysed by EDS
(Figure 3). The coupon from the uninoculated test (T1) was covered in a general corrosion
product, which appears to be a form of iron oxide. The images of the coupon exposed
to the orange tubercle biofilm inoculum (T2) showed a biofilm present, with phosphorus
and a relatively high sulfur content detected by the EDS (Figure 3). The coupon from the
D. desulfuricans inoculum under aerobic incubation (T3) visually had a thicker biofilm on
the surface compared to the coupon from the D. desulfuricans inoculum under anaerobic
incubation (T6) (Figure 2). The biofilm of the T3 coupon also had much more sulfur present
(relative to iron) compared to the T6 coupon, according to EDS (Figure 3). For the defined
mixed microbial species tests (T4 and T5), the consortia including D. desulfuricans (T5)
visually had a much denser biofilm compared to the sparse biofilm of T4 (Figure 2). No
sulfur was detected in the mixed consortia without D. desulfuricans (T4) (Figure 3), while a
small amount of sulfur in the biofilm was detected in the defined microbial consortia when
the D. desulfuricans were present (T5) (Figure 3). The iron:sulfur ratios shown in Figure 3
provide an indication of the relative amount of sulfur detected in surface product analysis.
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Figure 1. Photos of uncleaned and cleaned coupons after 8-weeks immersion in half-strength marine
broth for the six different microbial testing conditions, together with 3D surface profiles of cleaned
coupons showing surface and pit morphology.

 

Figure 2. SEM images of biofilms/corrosion products on surfaces of coupons tested after 8-weeks incubation in the six
different test conditions. All of these coupons underwent fixation (dehydration and 2% glutaraldehyde immersion) prior
to imaging.
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Figure 3. EDS spectra of the biofilms/corrosion products formed on DH36 coupons tested in the six different treatments
after 8-week incubation.

The XRD spectra peaks of individual phases were identified by comparing the diffrac-
tion pattern to a known standard from the diffraction powder database of the International
Centre for Diffraction Data (Diffrac Eva software, version 4.1). Unfortunately, the XRD
spectra obtained (Figure S1) provided ambiguous results for corrosion products/biofilms,
with the three peaks observed in each scan matching that of iron. It is possible that the
intensity of iron dominated the scanning spectra or that the corrosion products formed
were amorphous in nature.

3.2. Corrosion Evaluation

Example photos of the surfaces of test coupons after removing any biofilms and
corrosion products are shown in Figure 1. The key difference observed was that while
the uninoculated samples (T1) showed signs of general corrosion and occasional pitting,
most of the coupons tested in different biotic conditions appeared to suffer from sparse
localised pitting corrosion. SEM scans of the cleaned surfaces (Figure 4) confirmed that the
uninoculated control (T1) coupon had a combination of general and localised corrosion
attack, as did the coupon tested in the D. desulfuricans aerobic test configuration (T3). The
coupons from the other tests (T2, T4, T5 and T6) contained localised corrosion but were
relatively free from general corrosion. Finally, the diameters of pits observed for coupons
tested with D. desulfuricans (T3, T5 and T6) appeared to be generally larger than those for
the other test configurations.
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Figure 4. SEM images of surfaces of cleaned test coupons after 8-week immersion in the six different test conditions.

To further characterise the morphology of localised corrosion, 3D optical profiling was
performed on one side of one of the cleaned coupons for each test condition (see examples
in Figure 1). The pit density, which was calculated for all treatments based on the number
of pits (>10 μm) per mm2, was ~2 (pit/mm2) for T1, (uninoculated treatment), and T2,
T4 and T5 (mixed consortia inoculum), and ~1 (pit/mm2) for T3 and T6 (D. desulfuricans
alone). The coupons with the largest pits were from tests containing D. desulfuricans (T3,
T5 and T6, see details in Figure 5). Apart from the coupon from T4 (four isolates) which
had one pit deeper than 30 μm, only the coupons from tests with D. desulfuricans (T3 and
T6) had any pits greater than 30 μm depth (five and six pits, respectively). The deepest pit
found was 50.2 μm for the coupon tested in D. desulfuricans under anaerobic conditions
(T6), compared to 27 μm for the deepest pit for the uninoculated control (T1). The average
pit volumes (of five deepest pits) were nearly an order of magnitude greater for the tests
containing D. desulfuricans (T3, T5 and T6) compared to the tests lacking D. desulfuricans.

 

Figure 5. Summary of the corrosion attack on steel samples from the six different treatments.
Averages of 5 highest values of relative volume and pit depth as well as average corrosion rate are
shown with statistical analyses. Significant differences (p < 0.05) were shown by different series of
superscript letters on each parameter.
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The average corrosion rates of the DH36 coupons after 8 weeks of incubation in the
different test scenarios were determined via mass loss (Figure 5). The highest corrosion
rates among the six treatments obtained (p < 0.05) were for the T3 (D. desulfuricans tested
aerobically) and T1 (uninoculated) test conditions. For all the other test conditions very low
average corrosion rates were measured; always much less than the uninoculated control,
indicating a form of corrosion inhibition. Given that the localised attack of the uninoculated
control (T1) was relatively minor, the relatively high weight loss for this test condition will
have been dominated by general/uniform corrosion.

3.3. Test Solutions

Over the 8-week duration of the corrosion tests, the colours of the test solutions
changed (see Figure 6), which is a potential indication of the metabolic and corrosion
processes that took place. Of particular interest was the general blackening of solutions
for tests T2 (orange tubercle inoculum), T5 (four isolates + D. desulfuricans aerobic) and T6
(D. desulfuricans anaerobic), and the black precipitation layer observed at the bottom of test
condition T3 (D. desulfuricans aerobic). This blackening might be an indication of sulfate
reduction and FeS production.

 

Figure 6. Changes in appearance of test bottles of six treatments during 8 weeks of immersion.

In general, the pH values of the solutions (Table 2) were reasonably constant for all
of the test conditions over the 8-week incubation period, with pH values staying within
±0.5 of the initial value of 7.54. The greatest changes observed were for T4, which went
slightly more basic to 7.9, and T6 which went slightly more acidic to just below 7.0.
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Table 2. Bacterial counts and pH during 8-week incubation test of six treatments (Table 1). Initial pH of sterile media before
inoculation was ~7.54. Total plate count in each treatment was the sum of both aerobic and anaerobic counts on marine agar
(MA) and tryptic soy agar (TSA+) media, respectively.

Test (T1–T5: O2; T6: AnO2)
Total Bacterial Plate Count (cfu/mL) pH Measurement

Initial Week 2 Week 4 Week 8 Week 4 Week 8

T1 (uninoculated) – – – – 7.58 ± 0.02 7.55 ± 0.02
T2 (orange tubercle) ≥105 107–108 1 × 108 108–109 7.47 ± 0.03 7.32 ± 0.06
T3 (D. desulfuricans) 2 × 106 7 × 105 2 × 106 103–104 7.56 ± 0.04 7.73 ± 0.10
T4 (Four isolates) 4 × 106 4 × 107 6 × 107 9 × 107 7.74 ± 0.05 7.90 ± 0.06
T5 (Four isolates +
D. desulfuricans) 6 × 106 3 × 107 1 × 108 106–107 7.32 ± 0.04 7.42 ± 0.06

T6 (D. desulfuricans) 2 × 106 5 × 107 5 × 107 104–105 6.98 ± 0.10 6.98 ± 0.09

3.4. Analysis of Microbial Populations

Total plate count results are provided in Table 2. While a reduction in counts for the
D. desulfuricans inoculum tests (T3 and T6) was seen between the start and the end of the
tests, in general the microbial populations were reasonably constant throughout incubation
times. It is also worth noting that no colonies were observed in the aerobic plate tests for
D. desulfuricans alone treatments (T3 and T6), suggesting that these solutions were free of
any aerobic microbial contamination.

Figure 7 summarises the metabarcoding analysis of the mixed microbial consortium
treatments (i.e., T2, T4 and T5) at week 2 (planktonic) and week 8 (planktonic and biofilm).
The solution inoculated with the orange tubercle (T2) has, as expected, the most diverse
community. While there were few bacterial taxa that reduced in relative abundance in the
T2 solution during the test (e.g., Exiguobacterium spp. dropped from 13% to 3% in planktonic
phase from 2 to 8 weeks), many bacteria maintained their presence in both planktonic
and biofilm phases (e.g., Clostridiales and Rhizobiales). However, several bacteria were
only detected after 8 weeks including Desulfarculus baarsii, Desulfosporosinus spp. and
Thioalkalivibrio sp. Reasonable differences can also be seen between the planktonic and
biofilm phases of the T2 solution at 8 weeks (e.g., Rhodobacteraceae spp. and Clostridium
thiosulfatireducens more abundant in the biofilm phase).

The metabarcoding results for the combinations of isolates (T4 and T5) identified all
of the bacteria inoculated in each test configuration in at least one of the time/phases
tested. For both of these test configurations the proportion of P. bellariivorans tended to
decrease from week 2 to week 8, and H. korlensis was only ever found in any reasonable
level in the biofilm phase. A key difference between the two test configurations was for
B. aquimaris, which had a strong presence in the T4 liquid (four isolates) but was only
detected at low levels in the T5 liquid (four isolates + D. desulfuricans). S. pontiacus was
detected at reasonably consistent levels for both test solution types throughout the tests
and in both the planktonic and biofilm phases.

The metabarcoding data were further analysed for putative functions using METAGE-
Nassist to interpret microbial metabolism and other traits, the results of which are presented
in Table S2. Key aspects of the sulfur cycle, including sulfate reduction (detected at high
levels in all samples at week 8) and sulfur oxidation (for the orange tubercle configuration
at week 8) were detected.
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Figure 7. Microbial communities identified by 16S rRNA gene metabarcoding of mixed consortium treatments (T2, T4 and
T5), for planktonic communities (at weeks 2 and 8) and for the attached biofilms obtained by sonication (at week 8).

4. Discussion

4.1. Surfaces of Coupons Before Cleaning

The black corrosion products on the surfaces and sulfur detected in the biofilms (by
EDS) of coupons from several treatments (T2, T3, T5 and T6) indicates iron sulfide produc-
tion, and active sulfate reduction. This matches well with the presence of D. desulfuricans,
when specifically added to the tests (i.e., T3, T5 and T6) and the relatively high potential for
sulfate reduction determined from the METAGENassist analysis of the T2 orange tubercle
inoculum. The iron:sulfur ratios calculated for the biofilms indicated that the highest to
lowest relative amounts of sulfur detected were for T3 > T2 > T6 > T5, which qualitatively
matches the thicknesses of the biofilms observed in SEM images.

One somewhat unexpected observation was that the nominally aerobic test with the
D. desulfuricans (T3) produced a visually thicker biofilm than that for the corresponding
anaerobic test with D. desulfuricans (T6). While they are more commonly known as strict
anaerobes, many sulfate-reducing bacteria, including the culture collection strain used in
this work, can survive/grow in aerobic environments [42,43]. It is also possible that the
visually thicker biofilm observed for the D. desulfuricans aerobic incubation (T3) is a result
of a stress response by the bacteria. Although the aerobic tests (including the T3 treatment)
were nominally aerobic at the start of the tests it is likely that the oxygen concentration
in the solutions dropped over time due to microbial oxygen consumption, making the
environment more suitable for optimal growth of D. desulfuricans. A suggestion for future
work would be to monitor the oxygen concentration in the solutions as a function of time.

4.2. Corrosion Attack

Coupon weight loss indicates that T1 (uninoculated) and T3 (D. desulfuricans aerobic)
treatments demonstrated greater general corrosion attack than the other treatments. How-
ever, T6 (D. desulfuricans anaerobic), T3 (D. desulfuricans aerobic) and T5 (four isolates + D.
desulfuricans aerobic) treatments had significantly greater localised pitting than the other
treatments. The pitting results for D. desulfuricans anaerobic incubation (T3) (average pit
depth 45 μm) were greater than for previous tests for the same bacterial strain using a mod-
ified Baar’s medium (average pit depth ~27 μm) with the same steel type [32]. However,
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the corresponding weight loss data for the previous modified Baar’s medium tests with
D. desulfuricans were much greater (~80 μm/year) than obtained in this work (10 μm/year).
It is important to note that in addition to pitting, general corrosion of the steel surface was
observed in the previous study. This indicates that test medium used can have an impact
on steel corrosion and pitting outcomes. Previous work indicated that the addition of Fe
ions/lactate to modified Baar’s medium can have a significant effect on the weight loss
results, which are indicative of any general corrosion taking place [40]. No addition of Fe
ions to the bulk test solutions was performed in the current work.

The main hypothesis for the work was that a consortium of microbes would result in
greater corrosion rates than single isolates (T3 and T6) or an uninoculated control (T1). This
was because a range of phenotypes were considered important in promoting ALWC. The
consortium tests (T2, T4 and T5) actually showed the three lowest weight losses (typically
indicative of general corrosion) of all of the tests performed. Microbial corrosion (including
ALWC), however, is more often linked to localised rather than general/uniform corrosion.
In relation to localised corrosion, the average pit depths were smaller for the consortia
treatments (T2, T4 and T5) than for sole D. desulfuricans tests (T3 and T6). The volume of pits
for the T5 treatment (four isolates + D. desulfuricans) were similar to the sole D. desulfuricans
tests (T3 and T6), which were much greater than for any of the other test treatments.

One possible reason for the lower levels of corrosion obtained for the mixed microbial
communities compared to the uninoculated control or single D. desulfuricans tests was
that the types of microbes present (orange tubercle, T2) or chosen (pure cultures) were
inappropriate for ALWC. The orange tubercle inoculum (T2), was taken from a site which
had pitting corrosion and diagnosed ALWC beneath the orange tubercle. Thus, this orange
tubercle consortium should have been appropriate to generate optimal ALWC conditions
in our laboratory tests. Indeed, we previously found increased corrosion when orange
tubercles (taken from another site with suspected ALWC) were used as inocula in laboratory
tests, compared to an uninoculated control test [25]. The metabarcoding analysis of T2
identified several microbes present in both the biofilm and planktonic phases that were
capable of sulfate reduction (more detail below) and sulfur was clearly identified in the
biofilm by EDS.

High corrosion rates of ~100–125 μm/year (from weight loss) were previously [25]
found for tests with orange tubercle inocula compared to ~40 μm/year in uninoculated
controls when using a similar test arrangement (e.g., steel type, test duration) to that used
in the current work. These previous higher corrosion rates were observed for samples with
uniform corrosion across sample surfaces and with little localised corrosion. Two obvious
key differences between the previous [25] and current studies were the initial microbial
community structure of the inocula and the types of nutrients added to the test solutions.
While a Deltaproteobacteria SRB (Desulfarculus baarsii) was detected in the orange tubercle
inoculum (T2) test, this strain has not typically been linked to corrosion. In the previous
study [25], an unidentified species from the Desulfobulbaceae family of Deltaproteobac-
teria was found at reasonably high levels (up to ~40%) in the planktonic phase. This
family includes Desulfopila corrodens which was directly linked to rapid corrosion in ALWC
studies [23].

Glucose (a carbon and electron donor source) and yeast extract were components of
the earlier test medium [25], while peptone and yeast extract were present in relatively
low amounts in the current work’s medium. It has been shown that the types of nutrients
available for microbial growth and the physicochemical conditions can have substantial
effects on the composition of microbial communities that ensue (e.g., [44,45]). These two
features likely explain the microbial differences observed between the earlier [25] and the
current research. Additionally, changes in the level of carbon sources present in test media
can affect the extent of corrosion caused by a single SRB strain (e.g., [29]).

The majority of microbes chosen for the defined consortium tests survived in rea-
sonable numbers throughout the test period, although there were some clear changes in
the microbial species composition over the test duration (discussed in more detail below).
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There was also clear evidence of sulfate reduction, as seen by the black solution and pres-
ence of sulfur in the biofilm for the defined mixed microbial treatment, which included
D. desulfuricans (T5), indicating that D. desulfuricans were metabolically active. As discussed
above, it is possible that relatively low levels of carbon sources/electron donors in the test
media may have altered physicochemical processes (i.e., sulfate reduction) that play a role
in microbial corrosion and had an effect on corrosion rates.

There have been varying reports on the effect of the presence of different species of
Bacillus on corrosion with some indicating increased corrosion [46–48] and others showing
corrosion inhibition [49–53]. Both defined mixed microbial treatments, with (T5) or without
(T4) D. desulfuricans, had similar levels of general corrosion but qualitatively different
biofilm thicknesses, where T5 was greater than T4 (Figures 1 and 2). The 16S rRNA gene
metabarcoding showed very different relative amounts of B. aquimaris. T5 had a lower
general corrosion level than either of the tests with D. desulfuricans alone (T3 and T6),
indicating that the additional microbes reduced the corrosion mediated by D. desulfuricans.
This could indicate corrosion inhibition, perhaps due to competition for substrates among
the added pure cultures.

4.3. Analysis of Microbial Populations

Although the D. desulfuricans strain used is a facultative anaerobe, plate counts showed
that there were still reasonable numbers (103–104 cfu/mL) of viable D. desulfuricans present
in solutions after 8 weeks when tested in nominally aerobic test conditions. The presence of
sulfur in the biofilms of the coupons from these tests (e.g., T3) indicated that D. desulfuricans
were metabolically active despite the possible presence of oxygen in the bulk solution.
Metabarcoding analysis of the planktonic and biofilm phases of the defined consortium
including D. desulfuricans (T5) showed a relatively high abundance of D. desulfuricans
throughout this nominally aerobic test. Given the specific inclusion of aerobic microbes
in T5 it is highly likely that they used the available oxygen creating anaerobic conditions,
which are optimal for the growth of D. desulfuricans. This is important as it shows how test-
ing with microbial consortia can produce an environment conducive to anaerobic microbes
such as D. desulfuricans in a more natural way rather than by exogenously producing low
oxygen levels by means such as nitrogen purging. There have been some reports on the
potentially important role of oxygen in MIC of SRB [22,54–57] and of other microbes [58,59].
In any case, results from the current work support further studies on this topic.

The microbial consortium composition in the orange tubercle inoculum test (T2)
differed over time in the planktonic phase (between 2 weeks and 8 weeks) and also between
the planktonic and biofilm phases at 8 weeks. This is expected as the environmental
conditions in the laboratory test was quite different to the tubercle’s native location. The
nature of the community succession will be different in the planktonic and biofilm phases
as there will be local differences in oxygen content and corrosion products from the carbon
steel could act as a nutrient source for certain microbes [6,60].

At 8 weeks incubation both planktonic and biofilm phases in T2 contained microbes
potentially capable of sulfide/sulfur oxidation (e.g., Thioalkalivibrio sp.) and sulfate reduc-
tion (e.g., Desulfosporosinus spp. and D. baarsii). A combination of both sulfur oxidisers
and sulfate reducers could form a closed sulfur cycle, which has previously been reported
to potentially lead to rapid corrosion [5,8,13–17]. However, extensive corrosion was not
seen in T2. It is possible that the system may have needed more time to develop an active
corrosion state. Although strains of the Deltaproteobacteria (including D. desulfuricans) are
the most commonly regarded sulfate reducers, other microbial groups also are capable for
sulfate reduction. These include Desulfosporosinus spp., which is a member of the Firmicutes
phylum. Various microbes relevant to the nitrogen cycle (e.g., nitrogen fixation, nitrite re-
duction and ammonia oxidation) were identified in the liquid and biofilm of T2 at 8 weeks.
Nitrifying bacteria are important as they can potentially produce fixed nitrogen that is
used to support/maintain the growth of anaerobic bacteria such as SRB [14]. However,
conditions would need to be aerobic to support their nitrifying phenotype.
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A number of interesting spatio-temporal changes were observed in the microbial com-
munities of the defined consortia tests (T4 without and T5 with D. desulfuricans). Although
H. korlensis comprised a reasonable proportion of the initial inoculum in both T4 and T5
(7% and 5%, respectively), this bacterium was only detected in relatively small relative
abundances in the biofilm phase at week 8 (<10% of total). This might suggest a preference
for biofilm growth. Large differences were seen in the numbers of B. aquimaris present
in the T4 and T5 treatments. It was the most abundant bacterium in both the planktonic
phase and biofilms in T4, but it was only found in low abundances in T5. No explanation
could be suggested for these differences, but since the presence of D. desulfuricans was the
only difference, this could point to some interaction. P. bellariivorans made up ~1% of the
initial inoculum according to viable cell counts, but it was quite abundant in T5 when in
combination with the D. desulfuricans relative to its abundance without D. desulfuricans in
T4. In T5, P. bellariivorans was more abundant than B. aquimaris or H. korlensis according to
metabarcoding at weeks 2 and 8; despite that both of these latter bacteria comprised more
cells in the initial inoculum relative to P. bellariivorans. These observed changes show how it
is difficult to predict the species development in mixed consortia tests, which is likely to be
affected by numerous factors including the test medium composition and physicochemical
conditions. An increasing number of reports are starting to be produced investigating
the development of multispecies biofilms (e.g., [61] and the references in Table S1). It will
be interesting to keep a track of the development of this area of research and see what
additional insights it might be able to provide microbial corrosion research.

The overall aim of this work was to investigate whether defined microbial species
communities could be used to generate conditions conducive to the rapid corrosion of
steel, similar to what occurs in ALWC in the marine environment. Notable differences in
the biofilms and the microbial consortia were observed for the treatments tested. Lower
uniform corrosion and weight loss were recorded for treatments with multispecies commu-
nities, however, the results for localised corrosion (typically more indicative of microbial
corrosion) were not as straightforward, with one of the multispecies treatments (the de-
fined consortium with D. desulfuricans) producing large sized pitting while another (orange
tubercle inoculum) had much lower localised corrosion. Table 3 has been provided to help
summarise some of the main observations of the work undertaken.

Table 3. Summary of observations from corrosion experiments using a variety of test conditions. Colours of cells have been
used to highlight related results observed in different test conditions.

Test (Inoculum, Aeration Status) Comments

T1 (uninoculated, aerobic) Oxygen in solution led to general corrosion

Some localised corrosion but with relatively low volumes

T2 (orange tubercle, aerobic)
Aerobic bacteria likely utilised oxygen and reduced general corrosion

SRB present, sulfate reduction suspected

Some localised corrosion but with relatively low volumes

T3 (D. desulfuricans, aerobic)
Oxygen in solution led to general corrosion

SRB present, sulfate reduction suspected

Localised corrosion with relatively high volumes

T4 (Four isolates, aerobic) Aerobic bacteria likely utilised oxygen and reduced general corrosion

Some localised corrosion but with relatively low volumes

T5 (Four isolates + D. desulfuricans, aerobic)
Aerobic bacteria likely utilised oxygen and reduced general corrosion

SRB present, sulfate reduction suspected

Localised corrosion with relatively high volumes

T6 (D. desulfuricans, anaerobic)
Anaerobic environment reduced general corrosion

SRB present, sulfate reduction suspected

Localised corrosion with relatively high volumes
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5. Conclusions

The aim of this study was to investigate laboratory tests that mimic the complex com-
munities present in real world cases of MIC/ALWC. As part of this work, a model SRB, D.
desulfuricans, was used throughout an 8-week corrosion study. The general corrosion rates
of many of the mixed microbial test configurations were lower than that of an uninoculated
control. Despite that the three mixed microbial tests (T2, T4 and T5) were nominally aerobic,
it is likely the test solutions became anaerobic due to oxygen use by aerobic microbes in
the milieu which may have been responsible for the reduced general/uniform corrosion.
Greater localised corrosion was observed for all of the tests that included D. desulfuricans.
However, the defined mixed community with D. desulfuricans did not lead to increased
corrosion compared to tests with D. desulfuricans alone. The composition of the mixed
microbial communities changed over the duration of the test and key differences were
observed between the planktonic and biofilm communities. More laboratory-based experi-
mental work is required to determine optimal microbial communities and test conditions
for ALWC studies. Finally, the metabolomic or transcriptomic aspects relevant to the
microbe/corrosion processes should be considered for a further study. It is likely that such
studies would give further useful insights into MIC and ALWC.

Supplementary Materials: The following are available online at https://www.mdpi.com/2624-5
558/2/2/8/s1, Table S1: Summary of example MIC studies using defined multispecies microbial
consortia (WL—weight loss test method, CR—corrosion rate), Table S2: Putative metabolic activities
of microbes present in metabarcoding profiles identified using METAGENassist, Figure S1: XRD
scans of products formed on DH36 coupons in six treatments at 8 weeks. The three highest peaks
observed match to the Fe component of the carbon steel coupons used.
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Abstract: The corrosion processes of carbon steel immersed in natural seawater are influenced by
microorganisms due to important biological activity. An analysis of the corrosion product layers
formed on carbon steel coupons in natural or artificial seawater revealed that sulfate green rust
GR(SO4

2−) was favored in natural environments. In this paper, the role of organic matter/bacteria on
the formation and transformation of this compound are addressed. GR(SO4

2−) was precipitated from
Fe(II) and Fe(III) salts in the presence of various marine bacterial species not involved in the redox
cycle of Fe or S. Abiotic experiments were performed for comparison, first without any organic species
and then with sodium acetate added as a small organic ion. The obtained aqueous suspensions were
aged at room temperature for 1 week. The number of bacteria (CFU/mL) was followed over time
and the solid phases were characterized by XRD. Whatever the fate of the bacteria (no activity, or
activity and growth), the formation of GR(SO4

2−) was favored and its transformation to magnetite
completely inhibited. This effect is attributed to the adsorption of organic molecules on the lateral
sides of the GR(SO4

2−) crystals. A similar effect, though less important, was observed with acetate.

Keywords: marine corrosion; steel; green rust; X-ray diffraction; microbiologically influenced corro-
sion; biofilm; bacterial activity

1. Introduction

Natural seawater is a biologically active medium, and it is generally acknowledged
that microorganisms influence the corrosion processes of any metal or alloy immersed in a
marine environment. In the case of carbon and low alloy steels, the role of sulfate-reducing
bacteria (SRB) has long been recognized [1]. This has led to the hypothesis that the long-
term corrosion process of carbon steel in seawater could be controlled, at least partially, by
the rate of external nutrient supply that governs bacterial activity [2,3]. More generally, it
has been shown that the organic molecules released by bacteria somehow influence the
behavior of metals. For instance, it has been established that in some cases, extracellular
polymeric substances favor the corrosion of carbon steel [4]. Conversely, it was proposed
that biofilms could form along with the corrosion products, creating a protective barrier
and thus decreasing the corrosion rate [5]. Enzymes, and in particular, hydrogenases that
can be present in solution (i.e., out of bacterial cells), are also known to be involved [6,7].

The various molecules associated with the presence and/or activity of microorgan-
isms can interact with the metal itself, but also with its corrosion products. One of the
consequences of the activity of SRB is the formation of iron sulfide (FeS), which precipitates
from Fe2+

aq ions resulting from corrosion and the sulfide species produced by SRB. For
this reason, FeS was identified as another major component of the corrosion product layer
formed on carbon steel coupons after just 6–12 months of immersion in the water of a
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seaport [8]. It could be detected locally after only 1 month [9] of immersion, and was
associated with SRB in the first de-aerated regions formed inside the corrosion product
layer. Due to its electronic conductivity and low overvoltage for water reduction, FeS can
act as a cathodic site and promote the formation of galvanic cells [10]. Additionally, it can
facilitate the influence of electroactive SRB [11].

Most studies dealing with microbiologically influenced corrosion (MIC) are focused
on the interactions between metal and bacteria or between metal and species released or
produced by bacteria [1]. The interactions between these species and the corrosion products,
which may modify the properties of the corrosion product layer and thus the corrosion rate,
have only been rarely addressed [12,13]. In a recent work, some differences were observed
between the corrosion product layers obtained in artificial and natural seawater [14]. These
differences were not only related to FeS, which can only form in natural environments as it
requires the presence and activity of SRB, but also to sulfate green rust, GR(SO4

2−), which
seemed to be favored in natural environments [14].

GR(SO4
2−) is one of the main corrosion products forming on carbon steel surfaces

which are permanently immersed in natural seawater [5,8,9,15–18]; it is actually the first
solid obtained from dissolved Fe species [9,15,17]. It is a mixed valence Fe(II-III) double
layered hydroxide with chemical formula FeII

4FeIII
2(OH)12SO4·8H2O [19,20], and contains

mainly (67%) Fe(II) ions. It is oxidized by dissolved O2, a process that leads to the formation
of Fe(III)-oxyhydroxides such as goethite (α-FeOOH) and lepidocrocite (γ-FeOOH), and
oxides such as magnetite Fe3O4 [21–23]. Consequently, any species that can affect the
formation and transformation of GR(SO4

2−) may have an indirect influence on the corrosion
process.

The present study is focused on the effect of bacteria in general (i.e., bacteria not
known to induce MIC processes) on the formation of GR(SO4

2−) and the evolution of this
compound in anoxic conditions. The idea was not to address the interactions between
GR(SO4

2−) and the bacteria involved in the redox cycles of Fe and S, which have already
been documented [12,13,24,25], but to consider bacteria having no specific link with Fe
and S, the characteristic elements of GR(SO4

2−). This study aims to contribute to a better
understanding of the interactions between complex bacterial communities and the overall
corrosion system through the determination of possible interactions of selected bacteria
with GR(SO4

2−).
First, corrosion experiments were performed in artificial and natural seawater to

study the composition of the corrosion product layers in each case. These layers were
characterized by X-ray diffraction (XRD) and μ-Raman spectroscopy (μ-RS). Secondly,
GR(SO4

2−) was precipitated by mixing a solution of Fe(II) and Fe(III) salts with a solution
of NaOH in the presence of three bacterial strains. These strains were isolated from
biofilms previously formed on carbon steel coupons immersed in natural seawater [9].
The precipitates were analyzed by XRD after 1 week and 2 months of ageing at room
temperature. The bacterial growth during the ageing of the precipitate was also investigated.
Finally, GR was precipitated in the presence of sodium acetate to compare the effects of a
small organic anion with those observed in the presence of bacteria.

2. Materials and Methods

2.1. Preliminary Corrosion Experiments

To compare the composition of the corrosion product layers formed on carbon steel in
artificial and natural seawater, various S355GP steel coupons (5 cm × 5 cm × 1 cm) were
exposed for 6 months in both kinds of environments. The nominal composition of this steel
grade, commonly used for sea harbor sheet piles, is in wt.%: C ≤ 0.27, Mn ≤ 1.7, S ≤ 0.055,
Si ≤ 0.6, Al ≤ 0.02 and Fe for the rest. The coupons were embedded in epoxy resin so that
only one side (active area of 25 cm2) was exposed to seawater. The surface of this side was
previously shot blasted (Sa 2.5, angular shot) and degreased with acetone.

First, three coupons were immersed in natural seawater for 6 months in the Minimes
harbor, the marina of La Rochelle (Atlantic Ocean), using the experimental platform of the
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LaSIE laboratory. The coupons were immersed vertically at a depth of ~20 cm (measured
from the upper edge of the coupons). As the experimental platform floats on the sea surface,
the immersion depth is constant. The temperature of the water close to the coupons was
measured regularly. It varied from 9 ± 2 ◦C at the beginning (February) to 20 ± 2 ◦C at
the end (July) of the experiment. Secondly, three other coupons were exposed to stagnant
ASTM D1141 artificial seawater [26] in 10 L tanks. The seawater was renewed after 15 days,
and monthly afterwards. The tanks were set in an unheated room so that the average
temperature of the water increased from 12 ◦C (February) to 25 ◦C (July) during the
experiment.

At the end of the experiment, the coupons immersed in the Minimes harbor were
carried to the lab in a tank full of natural seawater sampled in situ with the coupons. Then,
all coupons were removed from the seawater (artificial or natural) and rapidly transferred
to a freezer and stored at −24 ◦C before analysis. With this procedure, already used in
previous works [9,16,17], the samples can be analyzed in a frozen state so that the corrosion
product layers, that contain a lot of water, can be easily handled. Due to the complexity of
the corrosion product layers forming on steel in seawater [8,9,15–18], two methods were
used to identify the corrosion products, namely μ-Raman spectroscopy (μ-RS) and X-ray
diffraction (XRD). For each type of seawater, one coupon was analyzed by μ-RS and another
by XRD.

μ-RS analysis was carried out at room temperature using a Horiba Raman spectrometer
(LabRam HR evo, Horiba, Tokyo, Japan) equipped with a confocal microscope and a Peltier-
based cooled charge coupled device (CCD) detector. A solid-state diode pumped green
laser (wavelength = 532 nm) was used with laser power reduced to 10% (0.6 mW) of the
maximum to prevent the transformation of the analyzed compounds into hematite α-Fe2O3.
This transformation can take place due to an excessive heating [27,28]. The acquisition time
depended on the nature of the analyzed phase, and thus, varied from 60 s to 2 min. At
least 20 zones (diameter of 3–6 μm) were analyzed on the same sample using a 50× long
working distance objective. The analysis was achieved without specific protection from air
because the time required for analysis was short. Additionally, the samples remained wet
during the procedure, which minimized oxidation.

For the XRD analysis, the whole corrosion product layer was scraped from the surface
of the coupon and ground in a mortar (it was initially solid, as it was frozen) until a
homogenous wet paste was obtained. This paste was then analyzed as described in
Section 2.5.

2.2. Preparation of Green Rust Precipitates

Green rust compounds can be precipitated by mixing a solution of Fe(II) and Fe(III)
salts with NaOH solution [19]. Based on this, a method was developed to prepare
GR(SO4

2−) under conditions simulating seawater, i.e., using Fe(II) and Fe(III) chlorides and
adding sodium chloride and sodium sulfate to obtain a suspension with overall chloride
and sulfate concentrations similar to those typical of seawater [23,29]. In the present study,
this method was used once again. The concentrations of reactants are listed in Table 1,
together with the distribution of the reactants in the two prepared solutions.

To obtain the GR precipitate, solution 1 (100 mL) was added to solution 2 (100 mL)
and the overall 200 mL of suspension was vigorously stirred for 30 s at room temperature
(RT = 21 ± 1 ◦C). After stirring, the suspension was poured into a flask, filled to the rim.
The flask was hermetically sealed to avoid any oxidation by air of the precipitates during
ageing periods of 1 week and 2 months. The aged precipitates were finally filtered for
analysis by XRD. They were sheltered from air with a plastic membrane during filtration to
avoid the oxidation of the obtained GR compounds.
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Table 1. Concentrations of reactants used to prepare the initial green rust precipitate (mol L−1),
expressed with respect to the total volume of solution (200 mL = solution 1 + solution 2), and
considered bacterial strains.

Reactants Solution 1 Solution 2

NaOH 0.24 -
NaCl - 0.27

Na2SO4·10H2O - 0.03
FeCl2·4H2O - 0.04
FeCl3·6H2O - 0.08

Bacteria 1 No or Pseudoalteromonas IIIA004 or Micrococcus
IVA008 or Bacillus IVA016 -

NaCH3COO·3H2O 0 or 0.06 -
1 See text for the bacterial concentrations.

The NaOH, FeCl2·4H2O and FeCl3·6H2O concentrations used here correspond to the
stoichiometry of the precipitation of the sulfate GR. This reaction can be written as:

4Fe2+ + 2Fe3+ + 12OH− + SO4
2− + 8H2O → FeII

4 FeIII
2 (OH)12 SO4·8H2O (1)

2.3. Bacterial Strains and Culture Conditions

Considering that the influence of microorganisms/organic matter may depend sig-
nificantly on the bacterial species present, three different bacterial strains (belonging to
different families of bacteria) were considered: Pseudoalteromonas IIIA004, Micrococcus
IVA008 and Bacillus IVA016. They were previously isolated from the biofilm covering
carbon steel coupons immersed for 1 week (Pseudoalteromonas) or 2 weeks (Micrococcus
and Bacillus) in natural seawater (La Rochelle marina, Atlantic Ocean) [9]. Each strain was
previously identified by sequencing the 16S rRNA gene (accession numbers in the GenBank
database: KJ814569 for Pseudoalteromonas IIIA004, KJ814564 for Micrococcus IVA008 and
KJ814540 for Bacillus IVA016) [9]). These bacteria do not belong to the families of bacteria
classically described as SRB, iron oxidizing bacteria (IOB) or iron reducing bacteria (IRB).
The three considered strains were cultured in aerobic conditions, and consequently, were
not SRB that can only grow in anaerobic conditions (or in an environment with a low
oxygen concentration).

For bacterial growth, the culture medium used, called Marine Broth, was composed of
ammonium nitrate 0.0016 g L−1, anhydrous magnesium chloride 8.8 g L−1, bacteriological
peptone 5 g L−1, boric acid 0.022 g L−1, anhydrous calcium chloride 1.8 g L−1, disodium
phosphate 0.008 g L−1, potassium bromide 0.08 g L−1, potassium chloride 0.55 g L−1,
sodium bicarbonate 0.16 g L−1, sodium chloride 19.4 g L−1, sodium fluoride 0.0024 g L−1,
sodium silicate 0.004 g L−1, sodium sulfate 3.24 g L−1, strontium chloride 0.034 g L−1, yeast
extract 1 g L−1 and ferric citrate 0.1 g L−1. The culture medium was sterilized for 20 min at
115 ◦C.

A concentrated suspension (5 mL) of the three bacteria was first prepared. For each
strain, 200 mL of Marine Broth was inoculated with bacteria at 2%, from an overnight
culture in Marine Broth, and incubated at 30 ◦C under constant stirring (orbital shaker,
160 rpm). After 24 h of incubation, all three bacterial suspensions were centrifuged for
20 min at 5000× g. The centrifugation pellet was finally set again in suspension in 5 mL of
ASTM D1141 artificial seawater [26]. The final suspension of bacteria was then added to
NaOH solution 1 (see Table 1).

2.4. Numeration of Bacteria

Quantification of bacteria was performed at four stages of the process: (1) after 24 h of
growth independently for each strain, (2) once the bacteria had been concentrated, (3) right
after mixing solutions 1 and 2, i.e., right after the formation of the GR precipitate, and (4)
after the 1-week ageing period at RT (see Section 2.2) in a hermetically sealed flask. For
aged samples, because of decantation, the solid phase(s) settled at the bottom of the flask.
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Consequently, the supernatant liquid phase and the decanted precipitate (solid phase)
could be sampled and analyzed separately.

In each case, a 100 μL sample was prepared by serial dilutions (10−1 to 10−6) of the
cell suspension in artificial seawater and inoculated on a solid culture medium composed
of Marine Broth with 1.2% (w/v) agar. After incubation at 30 ◦C in aerobic conditions,
bacterial growth was evaluated by counting the number of colony forming units (CFU)
(three replicates). The results are expressed in CFU mL−1.

2.5. XRD Analysis of the Precipitates

XRD analysis was performed with an Inel EQUINOX 6000 diffractometer (Thermo
Fisher Scientific, Waltham, MA, USA) equipped with a CPS 590 detector that detects the
diffracted photons simultaneously on a 2θ range of 90◦. Co-Kα radiation (λ = 0.17903 nm)
was used at 40 kV and 40 mA, with the XRD analysis being performed at RT with a constant
angle of incidence (5 degrees) for 45 min. To prevent the oxidation of GR compounds
during preparation and analysis, the wet paste obtained after filtration of the sample was
mixed with a few drops of glycerol. With this procedure, the GR particles were coated
with glycerol and sheltered from the oxidizing action of O2 [30]. The angular scale was
calibrated using the diffraction peaks of magnetite (if present).

The crystalline phases were identified via the ICDD-JCPDS (International Center for
Diffraction Data—Joint Committee on Powder Diffraction Standards) database, and the
peaks indexed according to the corresponding file. The parameters of the diffraction peaks,
i.e., interplanar distance, intensity and full width at half maximum, were determined via a
computer fitting of the experimental diffraction patterns. The diffraction peaks were fitted
with pseudo-Voigt functions to take into account the evolution of the peak profile with
increasing diffraction angle. The fitting procedure was achieved using the OriginPro 2016
software (OriginLab).

μ-Raman spectroscopy was not used for the characterization of the precipitates because
(i) this method is not suitable to distinguish between the various GR compounds [31], and
(ii) the bacterial cells and associated organic matter mixed with the solid phases induce an
important fluorescence phenomenon that makes it difficult to acquire usable data.

3. Results

3.1. Characterization of the Corrosion Product Layers Formed in Artificial/Natural Seawater

As already reported in previous studies, the corrosion product layer forming on carbon
steel in seawater is, in most cases, a bilayer, composed of an inner black stratum which is in
contact with the metal surface and an outer orange stratum which is in contact with the
marine medium [8,9,15–18]. The layers obtained in this study verified this general trend
too.

The results given by μ-RS are described first, and two typical μ-RS spectra are dis-
played in Figure 1. Table 2 lists all the components identified by μ-RS in the corrosion
product layers of the analyzed coupons. Because a large number of zones were analyzed
in each layer, three kinds of components could be identified: the main ones, frequently
occurring ones and minor ones which were rarely observed.

For the coupon left for 6 months in artificial seawater, the main identified component
was magnetite Fe3O4. A typical spectrum is shown in Figure 1a. The three characteristic
peaks of magnetite are clearly seen, with the most intense one at 671 cm−1 and two smaller
ones at 308 and 543 cm−1, as reported in literature data [27,28,32]. Magnetite was mainly
identified in the inner black stratum of the corrosion product layer. Lepidocrocite γ-
FeOOH and aragonite were also frequently identified, mainly in the outer orange stratum.
Aragonite is not a corrosion product, as it is a form of calcium carbonate (CaCO3), but it is
often associated with corrosion products in the cathodic zones of the metal surface [14,17,18].
The small increase of the interfacial pH in these zones is sufficient to induce the precipitation
of aragonite from the dissolved Ca2+ and carbonate species present in seawater. The main
peak of aragonite at 1082 cm−1 [33] is visible on the spectrum of Figure 1a. More rarely,
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green rusts, i.e., ferrihydrite (FeOOH·H2O) and chukanovite (Fe2(OH)2CO3), were also
identified, but only in the inner black stratum.

Figure 1. Raman spectra (examples) obtained during the analysis of the corrosion product layers
formed after 6 months in: (a) artificial and (b) natural seawater. M = magnetite, A = aragonite,
Mck = nanocrystalline mackinawite and GR = green rust, with the position (in cm−1) of the corre-
sponding Raman peak.

Table 2. μ-RS analysis of the corrosion product layers formed after 6 months in artificial/natural
seawater: synthesis of the results.

Sample Main Components Frequently Identified Components Minor Components

Steel coupon in
artificial seawater Magnetite Aragonite,

Lepidocrocite

Chukanovite,
Ferrihydrite,
Green Rust

Steel coupon in
natural seawater 1

Magnetite,
Mackinawite Green Rust Ferrihydrite

1 Only the black inner stratum was analyzed.

For the coupon left 6 months in natural seawater, only the inner black stratum of the
corrosion product layer was analyzed. In the outer orange layer, the biofouling mixed
with the corrosion products induced an important fluorescence phenomenon that made
it difficult to acquire useful data. The FeOOH phases, mainly present in the outer orange
layer, thus do not appear in Table 2 for this coupon (except for ferrihydrite, identified as a
minor component). In this case, the main compounds identified in the black inner stratum
were nanocrystalline mackinawite (FeS) and magnetite. Nanocrystalline mackinawite
is the iron sulfide that forms from the dissolved Fe(II) species [34,35] produced by the
corrosion of steel, and the dissolved sulfide species produced by SRB. Its Raman spectrum
is characterized by two peaks, i.e., the main one at 283 cm−1 and the other at 207 cm−1 [35],
as illustrated by Figure 1b. The spectrum of (well) crystallized mackinawite is slightly
different, with the main peak occurring at 300 cm−1 [35]. GR compounds were also
frequently identified. In Figure 1b, the spectral signature of nanocrystalline mackinawite is
accompanied by that of a GR compound that may be GR(SO4

2−) or GR(CO3
2−). Both GRs

have similar spectra, with two main peaks at 430–535 cm−1 and 510–515 cm−1 and two
smaller ones at ~220 cm−1 and ~260 cm−1 [36,37]. The characteristic sulfate ion peak at
991 cm−1 does not demonstrate that this GR is GR(SO4

2−), as it could correspond to sulfate
ions adsorbed on the surface of GR(CO3

2−) crystals.
It must be kept in mind that Figure 1 only shows one selected spectrum from each

coupon. Magnetite was identified by μRS as one of the main components of the corrosion
product layer in both cases, as reported in Table 2. However, in some cases, given the small
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size of the zone analyzed by μRS, magnetite was not observed. This means that some small
regions of the corrosion product layer did not contain magnetite, as illustrated in Figure 1b.

The results given by XRD, consistent with those given by μ-RS, are presented in
Figure 2. The first pattern (a) is that of the corrosion product layer formed in stagnant artifi-
cial seawater. The most intense diffraction peaks are unambiguously those of magnetite.
Numerous diffraction peaks of aragonite and lepidocrocite are clearly seen. Finally, both
GR(SO4

2−) and GR(CO3
2−) may be identified, but only owing to their main diffraction

peak (GR001 or GRC003) that is very weak.

Figure 2. XRD pattern of the corrosion product layers formed after 6 months in: (a) artificial and
(b) natural seawater. GR = GR(SO4

2−), GRC = GR(CO3
2−), A = aragonite, G = goethite, L = lepi-

docrocite, M = magnetite and Q = quartz, with the corresponding Miller index.

For the coupon immersed in natural seawater, corresponding to pattern (b), the main
diffraction peaks are those of magnetite and goethite. If compared with pattern (a), the
diffraction peaks of aragonite are slightly less intense, while those of lepidocrocite and
GR(CO3

2−) appear slightly more intense. Finally, the diffraction peaks of GR(SO4
2−) are

much more intense in pattern (b). As noted previously [8,17], the XRD analysis did not
allow us to detect mackinawite FeS, because this phase remains in a nanocrystalline state.

In conclusion, the main observed difference between both kinds of coupons is the
presence of FeS in the corrosion product layer formed in natural conditions a result of
bacterial (SRB) activity. This FeS phase is nanocrystalline and was only identified via μ-RS
analysis. However, the XRD analysis revealed other differences. In particular, it confirmed
that the formation of GR(SO4

2−) was indeed favored in the natural seawater of the harbor
site.

3.2. Characterization of the Precipitate Obtained in Abiotic Conditions

In this section, and in Sections 3.3 and 3.4, the precipitates obtained by mixing NaOH
with Fe(II) and Fe(III) salts are characterized.

Under the abiotic conditions considered here, and as previously studied [23], the
initial precipitate was composed of a mixture of GR(Cl−) and GR(SO4

2−). After 1 week of
ageing, the proportion of GR(Cl−) drastically decreased. The XRD pattern presented in
Figure 3 confirms this result: only the main peaks of GR(Cl−) are seen and their intensity is
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very small with respect to that of the peaks of GR(SO4
2−). However, the ageing induced

the formation of a small amount of magnetite Fe3O4. This evolution was attributed to the
respective stability of the three phases [23], i.e., magnetite is more stable than GR(SO4

2−),
which, in turn, is more stable than GR(Cl−) in the conditions considered here.

Figure 3. XRD pattern of the precipitate obtained without addition of bacteria or organic compounds,
after 1 week of ageing at RT. GR = GR(SO4

2−), GRCl = GR(Cl−) and M = magnetite, with the
corresponding Miller index. * = unidentified peak.

This XRD pattern will be used below as a reference. The intensities of the diffraction
peaks M311, GRCl003, GR001 and GR112 were determined by computer fitting as described
in Section 2.5. The results of this analysis are presented in Table 3, with the intensity of the
main peak of GR(SO4

2−), i.e., GR001, being arbitrarily set as 100 in each case.

Table 3. Abiotic precipitate aged for 1 week: characteristics of the diffraction peaks GR001 and
GR112 of GR(SO4

2−), GRCl003 of GR(Cl−) and M311 of magnetite; 2θ = diffraction angle, in degree,
d = interplanar distance (Å), FWHM = full width a half maximum, in degree, and I = peak intensity,
with I = 100 for GR001.

Diffraction Peak 2θ d FWHM I

GR001 9.33 ± 0.01 11.00 ± 0.01 0.27 ± 0.01 100
GR112 42.73 ± 0.01 2.455 ± 0.001 0.45 ± 0.02 3.2 ± 0.2

GRCl003 12.94 ± 0.01 7.94 ± 0.01 1.45 ± 0.02 7.0 ± 0.4
M311 41.38 ± 0.01 2.532 ± 0.001 0.65 ± 0.02 4.6 ± 0.3

The interplanar distance d001 obtained for GR(SO4
2−) corresponded to the c parameter

of the hexagonal cell. It was determined here at 11.00 Å, a value consistent with literature
data [20]. The intensity of the GR112 peak was abnormally small, due to the preferential
orientation of the GR particles. These particles comprised thin hexagonal platelets per-
pendicular to the c axis of the crystal structure [16]. For this reason, they were usually
parallel to the sample holder. This preferential orientation increased the intensity of the
00l diffraction peaks. The interplanar distance d003 found for GR(Cl−) was also consistent
with literature data [38].
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3.3. Influence of Bacteria

The results of the study of bacterial growth and quantification are presented in
Table 4. Each bacterial strain grew rapidly in the culture medium, reaching between
1.7 and 3.3 × 109 CFU mL−1 after 24 h at 30 ◦C, and showing similar cell concentrations
for the three strains. All the initial concentrated suspensions of bacteria contained more
than 3 × 1011 CFU mL−1 of bacteria prior to mixing with the reagents used to prepare
the GR precipitate. However, the results obtained after precipitation proved to be highly
dependent on the considered bacterial strain. For Pseudoalteromonas IIIA004, no viable
culturable bacteria could be enumerated. The same result was obtained for this strain
1 week later in both the precipitate and supernatant. In the first case, the Fe solid phases
were precipitated and aged in a medium where the bacteria did not grow, likely because of
cellular death due to the immersion of the bacteria in the NaOH solution 1.

Table 4. Numeration of bacteria (CFU mL−1).

Bacteria
Culture of 24 h

in Marine Broth
Initial Concentrated

Suspensions
After

Precipitation
After 1 Week of Ageing:
Supernatant/Precipitate

Pseudoalteromonas IIIA004 2.2 × 109 >3 × 1011 No growth No growth/No growth
Micrococcus IVA008 3.3 × 109 >3 × 1011 1.8 × 107 No growth/3.0 × 108

Bacillus IVA016 1.7 × 109 >3 × 1011 1.3 × 105 No growth/3.6 × 105

In contrast, both Micrococcus IVA008 and Bacillus IVA016 remained viable and cultur-
able throughout the experiments, even though the cell concentration after precipitation
decreased from the initial concentrated suspension. In both cases, the results obtained in
the precipitate after 1 week of ageing were similar to those obtained right after precipita-
tion. A slight increase of the bacterial concentration was even observed, in particular for
Micrococcus IVA008. In contrast, no viable culturable bacteria could be enumerated in the
supernatant after ageing. This shows that the bacteria were mostly associated with the
solid phases, more likely bound to the particles of Fe compounds. In this second case, the
Fe compounds were precipitated and aged in a medium where bacteria survived and even
developed.

The XRD analysis of the precipitates obtained after 1 week of ageing in the presence
of bacteria provided results independent of the bacterial strain. The pattern obtained
for the precipitate aged with Micrococcus IVA008 is displayed in Figure 4. It is mainly
composed of the diffraction peaks of GR(SO4

2−) that may all be clearly seen. Numerous
additional, very small peaks are present, but they do not correspond to other expected Fe
compounds, i.e., GR(Cl−) and magnetite, that are formed in abiotic conditions (Figure 3).
These peaks were likely due to the various compounds, organic and inorganic, present in
the concentrated bacterial suspension introduced in the system (see Section 2.3 for instance,
where the composition of the culture medium is given). Only one small peak could be
tentatively identified: located at 2θhkl = 13.756◦, i.e., dhkl = 7.47 Å, it may correspond to
the main diffraction peak of GR(CO3

2−) [30,39], i.e., GRC003, as mentioned in Figure 4.
NaHCO3 is present in the culture medium and bacteria produce carbonate species through
their metabolic activity by oxidizing organic matter.

The XRD patterns obtained for the precipitates aged with bacterial strains Pseudoal-
teromonas IIIA004 and Bacillus IVA016 are both displayed in Figure 5. These patterns, like
the previous one, did not show any trace of the diffraction lines of GR(Cl−) or magnetite.
Numerous additional small peaks are also seen, located at similar positions regardless
of the bacteria species. The main peak of GR(CO3

2−) was not seen in the case of Bacillus
IVA016. It was very small in the case of Pseudoalteromonas IIIA004, but could nonetheless
be identified.
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Figure 4. XRD pattern of the precipitate obtained with bacterial strain Micrococcus IVA008 after
1 week of ageing at RT. GR = GR(SO4

2−) and GRC = GR(CO3
2−), with the corresponding Miller

index. * = unidentified peaks.

Figure 5. XRD pattern of the precipitates obtained with bacterial strain Bacillus IVA016 (a) and
Pseudoalteromonas IIIA004 (b) after 1 week of ageing at RT. GR = GR(SO4

2−) and GRC = GR(CO3
2−),

with the corresponding Miller index. * = unidentified peaks.

In conclusion, the presence of bacteria and associated organic matter prevented the
formation of magnetite during ageing. The absence of GR(Cl−) showed that the bacteria and
associated organic matter either accelerated the transformation of GR(Cl−) to GR(SO4

2−)
or prevented the formation of GR(Cl−) during the precipitation reaction.

The precipitates were also aged for 2 months at RT. Once again, the results were
similar for all bacterial strains. The pattern obtained for the precipitate aged 2 months with
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bacterial strain Micrococcus IVA008 is displayed in Figure 6 as an example. It was very
similar to that of the precipitate aged 1 week, i.e., the main diffraction peaks were those
of GR(SO4

2−), and the peaks of GR(Cl−) and magnetite were not seen. This demonstrates
that the effects of the bacteria and the associated organic matter can persist for long periods.
This may explain why GR(SO4

2−) is favored in natural marine environments, as shown in
Section 3.1.

Figure 6. XRD pattern of the precipitate obtained with bacterial strain Micrococcus IVA008 after
2 months of ageing at RT. GR = GR(SO4

2−) and GRC = GR(CO3
2−), with the corresponding Miller

index. * = unidentified peaks.

Finally, it can be noted that the numerous unidentified diffraction peaks, as well as
the main peak of GR(CO3

2−), were, compared to those of GR(SO4
2), more intense after

2 months of ageing. This can be observed visually by comparing Figures 4 and 6. To be
more accurate, the intensities of the GR001 and GRC003 peaks were determined in each
case by computer fitting, as described in Section 2.5. If the intensity of the GR001 peak was
arbitrarily set at 100 in each case, then the intensity of the GRC003 peak slightly increased
from 0.40(±0.01) to 0.45(±0.01) during ageing (from 1 week to 2 months). This may be
attributed to weak bacterial activity.

3.4. Influence of Acetate Ions

The XRD pattern of the precipitate obtained with sodium acetate added as a reac-
tant and after 1 week of ageing is displayed in Figure 7. The main diffraction peaks are
once again those of GR(SO4

2−), even though the acetate to sulfate concentration ratio,
[CH3COO−]/[SO4

2−], was equal to 2. Actually, it is well known that the double lay-
ered structure of GR compounds exhibits a stronger affinity for divalent anions [40,41],
which explains why GR(SO4

2−) forms instead of GR(Cl−) in seawater, even though the
[Cl−]/[SO4

2−] is high (about 19). The formation of GR(SO4
2−) in this experiment was

consistent with the findings in previous works.
As for the precipitate obtained in abiotic conditions without acetate, most of the

diffraction peaks of magnetite were seen, together with the main peaks of GR(Cl−), i.e.,
GRCl003 and GRCl006. From Figures 3 and 7, it can be seen that the addition of acetate
decreased the intensity of the diffraction peaks of GR(Cl−) and magnetite with respect
to those of GR(SO4

2). The data obtained via computer fitting of diffraction peaks GR001,
GR112, GRCl003 and M311 confirmed this (Table 5). The intensity of the main peak of
magnetite decreased from 4.6 (Table 3) to 2.0, and that of GR(Cl−) from 7.0 to 1.8. The
intensity of the GR112 lines, in contrast, increased from 3.2 to 5.9, which shows that the
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preferential orientation is less pronounced. If the intensity of the magnetite and GR(Cl−)
diffraction peaks were expressed with respect to the 112 diffraction peak of GR(SO4

2), the
decrease due to the acetate ions would appear more significant.

Figure 7. XRD pattern of the precipitate obtained with acetate after 1 week of ageing at RT.
GR = GR(SO4

2−), GRCl = GR(Cl−), M = magnetite, with the corresponding Miller index. * = uniden-
tified peaks.

Table 5. Precipitate obtained with acetate and aged 1 week: characteristics of the diffraction peaks
GR001 and GR112 of GR(SO4

2−), GRCl003 of GR(Cl−) and M311 of magnetite; 2θ = diffraction angle,
in degree, d = interplanar distance (Å), FWHM = full width a half maximum, in degree, and I = peak
intensity, with I = 100 for GR001.

Diffraction Peak 2θ d FWHM I

GR001 9.27 ± 0.01 11.07 ± 0.015 0.24 ± 0.01 100
GR112 42.66 ± 0.01 2.459 ± 0.001 0.47 ± 0.02 5.9 ± 0.04

GRCl003 12.91 ± 0.03 7.96 ± 0.02 1.6 ± 0.05 1.8 ± 0.01
M311 41.38 ± 0.01 2.532 ± 0.001 0.99 ± 0.02 2.0 ± 0.01

In conclusion, acetate ions induced the same effects as bacteria, but these effects were
smaller and did not completely prevent the formation of magnetite and GR(Cl−).

4. Discussion

GR compounds are metastable with respect to magnetite [19,42,43]. For instance,
depending on pH and dissolved Fe2+ concentration, the precipitation of Fe2+ and Fe3+ can
yield either GR(SO4

2−) or the two-phase system Fe3O4 + Fe(OH)2 [19]. GR compounds
are also likely to be spontaneously transformed into magnetite. GR(CO3

2−) was observed
to transform spontaneously under anoxic conditions, resulting in either a mixture of
magnetite and siderite (FeCO3) [42] or a mixture of magnetite, chukanovite (Fe2(OH)2CO3)
and siderite [43], depending on the pH and the concentration of the carbonate species.
The metastability of GR(SO4

2−) with respect to magnetite explains why the ageing of
GR(SO4

2−) in the experimental abiotic conditions considered here induced the formation
of a small proportion of Fe3O4.

However, it was demonstrated that the adsorption of phosphate ions on the lateral
sides of the GR(CO3

2−) particles could prevent their transformation to magnetite [44].
Similarly, lactate ions proved to have a strong effect during the oxidation of GR(SO4

2−),
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which was attributed to the adsorption of the lactate ions, through their carboxyl group, on
the surface of the GR crystals [37]. It can therefore be proposed that acetate ions adsorb
similarly on the lateral sides of the GR(SO4

2−) hexagonal platelets (Figure 8) and hinder the
formation of magnetite during ageing. The organic polymeric substances associated with
bacteria may therefore have similar effects. The bioreduction of lepidocrocite γ-FeOOH
by Shewanella putrefaciens was studied, and it was observed that the formation of GR
compounds was favored, with respect to the formation of magnetite, in the presence of
polyacrylic acid or polyacrylamide [45]. Polyacrylic acid, which can model extracellular
polymeric substances found in biofilms, was also observed to inhibit, albeit moderately, the
reactivity of GR compounds towards methyl red [46]. This reactivity was assumed to mainly
involve the Fe(II) reactive sites present on the lateral sides of the GR crystals. Polyacrylic
acid, like acetate ions, carries a negatively charged carboxyl group. This confirms that GR
compounds can be stabilized by carboxylates.

Figure 8. Schematic representation of a GR(SO4
2−) crystal with adsorbed acetate ions. The interlayers

are actually composed of two layers of SO4
2− ions and include water molecules that were omitted

for clarity. The octahedra in green are those built on Fe(III) cations.

Our results showed that the presence of bacteria cells led to stronger effects, because it
prevented the formation of magnetite even after 2 months of ageing in anoxic conditions.
This effect was the same whether the bacteria were dead (Pseudoalteromonas IIIA004) or
alive and active (Micrococcus IVA008 and Bacillus IVA016). The only difference observed
was the formation of a very small amount of GR(CO3

2−), which resulted from the presence
of NaHCO3 in the culture medium and/or the oxidation of organic substances to carbonate
by the microorganisms. In the study of the reactivity of GR compounds toward methyl
red, it was demonstrated that bacterial cells had a stronger effect on the reactivity of
GR(SO4

2−) than polyacrylic acid [46]. This is fully consistent with what was observed
here by comparing the results obtained in the presence of bacteria and those obtained
with acetate. The stronger effect of bacterial cells and/or associated organic species, in
particular with respect to the much smaller CH3COO− ions, may have been due to a higher
steric effect that would more efficiently hinder the interaction between the GR crystal
surfaces (in particular lateral sides) and solution, as illustrated schematically in Figure 8.
The transformation of GR(SO4

2−) to magnetite requires the release in solution of the SO4
2−

ions present in the interlayers of the GR structure, which was assumed to be hindered
by the adsorption of anionic species on the lateral sides of the crystals [44]. Voluminous
adsorbed species obviously induce a stronger barrier effect than small ones.
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The presence of the bacteria, and to a lesser extent, of acetate ions, also led to the
absence of GR(Cl−) after 1 week of ageing. Two mechanisms can be proposed to explain
this. First, it can be proposed that the bacterial cells and/or the associated organic species
accelerate the transformation of GR(Cl−) to GR(SO4

2−). However, since bacteria cells
tend to stabilize GR crystals, preventing their transformation, this first assumption seems
unlikely. The second hypothesis is that bacterial cells and/or associated organic species
inhibit the formation of GR(Cl−). During the precipitation reaction, all of the anionic species
present in solution may initially adsorb on the Fe-hydroxide sheets that constitute the basic
elements of the GR structure [18] (see also Figure 8). In the reference abiotic experiment,
only Cl− ions could compete with SO4

2− to adsorb on these hydroxides sheets, which
led to the formation of a small amount of GR(Cl−), together with GR(SO4

2−). Over time,
GR(Cl−) transformed spontaneously to the more stable GR(SO4

2−) [23]. When bacteria
or acetate were added to the reactants, other species could compete with Cl− and SO4

2−.
It can therefore be postulated, in particular with bacteria and the numerous associated
organic species, that the preferential adsorption of monovalent organic anionic species on
the hydroxide sheets prevented the formation of GR(Cl−) and favored the formation of
GR(SO4

2−), with SO4
2 being the main divalent available anionic species.

5. Conclusions

Aqueous suspensions of GR(SO4
2−) were obtained by mixing a solution of Fe(II) and

Fe(III) salts with a NaOH solution and ageing for 1 week in anoxic conditions. Bacterial cells
(dead or still alive and active) and/or associated organic species, for instance, extracellular
polymeric substances, prevented the transformation of GR(SO4

2−) to magnetite in anoxic
conditions. Similar effects, albeit less important, were observed with acetate ions added to
the system. It is proposed that the adsorption of organic species on the lateral sides of the
GR(SO4

2−) crystals hinders the release of SO4
2− ions into solution, a process required for

the transformation of GR(SO4
2−) to magnetite. After further ageing (up to two months) in

the presence of bacterial cells, magnetite was not observed either.
GR(Cl−) was observed as a minor component together with GR(SO4

2−) in the absence
of bacteria or acetate. Acetate ions decreased the amount of obtained GR(Cl−) whereas
bacteria prevented completely its formation. This suggests that monovalent organic anionic
species compete with Cl− during the precipitation reaction and prevent the formation of
GR(Cl−), consequently favoring that of the more stable GR(SO4

2−).
The corrosion product layer formed on carbon steel in a natural marine environment

appeared to be enriched in GR(SO4
2−) with respect to the layer formed in artificial seawater.

This may be a consequence of the interaction between GR(SO4
2−), and, more generally, GR

compounds, with bacterial cells and associated organic matter.
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Abstract: Corrosion of mooring chains is regarded as one of main threats to the offshore mooring
systems. Localized corrosion is even more dangerous than uniform corrosion because it may not
show significant mass loss but it can cause stress concentration and initiate cracks under force, leading
to accelerated degradation of mooring chains. Localized corrosion of steel in seawater is influenced
by many factors such as the local heterogeneities of the steel, and the local electrochemical and
microbiological environments. It is difficult to predict and the mechanism is not fully understood.
The aim of this work was to study the mechanism of localized corrosion on mooring chain steel in
seawater which is helpful in the search for corresponding monitoring tools and mitigation methods.
The corrosion behavior of chain steel grade R4 was studied in artificial seawater and artificial
seawater containing microorganisms collected from a practice field. The corrosion behavior of the
steel was studied using different techniques such as potentiodynamic polarization, linear polarization
resistance measurements and electrochemical impedance spectroscopy. The microstructures such as
inclusions and compositions of the chain steel were studied using SEM: Scanning Electron Microscope
and EDS: Energy Dispersive Spectroscopy. The microbial cells were observed using epi-fluorescence
microscopy. The corrosion morphology and pit geometry were investigated using photo-microscopy.
The localized corrosion rate has been found to be much higher than the uniform corrosion rate of the
steel in the seawater in the presence of bacteria. In the case of localized corrosion, applying uniform
corrosion measurement techniques and formulas is not considered representative. The representative
areas have to be introduced to match physical results with the measurements. Inclusions, such as
MnS and TiVCr found in the steel have a critical influence on localized corrosion. The corrosion
mechanism of the steel in seawater is discussed.

Keywords: localized corrosion; mooring chain; MIC; SEM; steel

1. Introduction

Mooring chains are widely used to fix a floating production, storage and offloading
(FPSO) system. Mooring chain steel has to withstand seawater corrosion and cyclic force
loading during service. Marine corrosion, in particular localized corrosion, combined with
mechanical loading is the main reason for mooring chain failures [1–4]. Ma et al. compiled
a historical review of integrity issues of mooring systems [1]. They found that the chain,
connector and wire rope are the top three components causing more incidents. Fontaine
et al. undertook an industry survey of past failures and degradations for mooring systems
of floating production units. They found that almost half of all failures were associated
with chains and two out of three chain failures were related to corrosion and fatigue [2].

Many factors affect the corrosion of metals in marine environments. Marine envi-
ronments include a number of zones, such as atmospheric, splash, tidal, submerged and
bottom sediment areas. Some recovered chain links showed uniform corrosion in the splash
zone and pitting corrosion in the submerged near-surface zone [5]. Microbial activity in
concentrations around and below the low water zone leads to an aggressive form of con-
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centrated corrosion, known as accelerated low water corrosion, which has been identified
as microbiologically influenced corrosion (MIC) [6,7].

The steels for making mooring chains are classified so far by specified minimum
ultimate tensile strength into five grades (R3, R3s, R4, R4s and R5) [8]. To achieve the
required strength the chemical compositions and manufacture processes have to comply
with the approved specifications [8,9]. Even so, the steels showed different corrosion rates
in different seawater areas. It was reported that 120 mm diameter R4 chain serviced in
the North Sea located in the Pierce field for 13 years has a corrosion rate of 0.53 mm/y
of diameter reduction in the pitted area (for the worst case) [10]. Fontaine al. inspected
76 mm-diameter chain links of type R3 and ORQ grades in West African waters [11]. The
long-term corrosion rate of these links was approximately 1.5 mm/y of dimeter reduction
in the pitted areas, which is significantly higher than the corrosion wear allowance of
1 mm/y required for tropic waters [12,13].

Local corrosion attack may initiate at inclusions or grain boundaries due to a local
electrochemical potential difference [14–16]. Avci et al. investigated MnS-mediated pit
initiation and propagation in carbon steel in an anaerobic sulfidogenic media. They found
that pitting on 1018 carbon steel was initiated within a 20–30 nm zone at the MnS inclusion
boundary [17].

Jeffery et al. investigated the effect of microbiological involvement on the topography
of corroding mild steel in coastal seawater and found that microbiological factors are
responsible for the more severe pitting observed on the natural seawater coupons [18].

Melchers et al. investigated the corrosion of a working chain continuously immersed
in seawater and developed a model to predict short- and long-term corrosion rates based
on general corrosion loss [19]. For pitting corrosion, field data are necessary for calibration
of the pit depth model [20].

A long-term field exposure test is a simple and valid method to verify the long-
term corrosion performance of the steel but it is a time-consuming process. Mass loss
gives an average corrosion rate which cannot reflect the localized corrosion rate. Sample
surface analysis is necessary. Corrosion in seawater is an electrochemical process. Is
there any electrochemical method that can be used to monitor the corrosion of offshore
steel structures?

Potentiodynamic polarization (PDP) curve measurements under sliding were em-
ployed by López et al. to investigate the tribocorrosion of mooring high–strength, low-alloy
steels (grade R4 and R5) in synthetic seawater [21]. Based on the mass loss it was found
that both the R4 and R5 steels have the same triboccorosoion behaviour in seawater. The
PDP method is a destructive method that does not fit long-term monitoring.

Linear polarization resistance (LPR) and electrochemical impedance spectroscopy (EIS)
are less destructive (compared to PDP) to the system to be studied since only a small dc or
ac potential amplitude is applied. These techniques only give corrosion resistance of the
steel. To convert the corrosion resistance to corrosion rate, Tafel slopes are necessary and
are obtained from the PDP curves. Using these electrochemical techniques combined with
microbiological and surface analytical techniques may be helpful in studying MIC [22].

So far, localized corrosion has been difficult to predict, and the mechanism is not fully
understood. The aim of this work was to study the mechanism of localized corrosion on
mooring chain steel in seawater which is helpful for the search of corresponding monitoring
tools and mitigation methods.

Investigation into the mechanism of local corrosion was carried out by exposing sam-
ples of mooring chain steel grade R4 (named R4 according to the International Classification
Society of Offshore Systems) in artificial seawater (SW) in the laboratory. During and after
exposure, electrochemical and microstructure analyses were performed. Since MIC is ex-
pected to be one of the main causes of local corrosion, tests were also run with the addition
of microorganisms cultured in the laboratory. These microorganisms, collected at Makassar
Strait (Indonesia), contained different types of corrosive organisms.
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The corrosion behavior of the steel in seawater was investigated using PDP, LPR
measurements and EIS. Microbial attachment and biofilm formation were studied using
fluorescent dye and epi-fluorescence microscopy [23]. The surface microstructures and
compositions were analyzed using SEM and EDS, the corrosion morphology using
photo-microscopy.

2. Experimental

The experiments were designed to investigate local corrosion and how that is influ-
enced by micro-organisms. This means that electrochemical measurements and microbial
growth needed to be combined. For practical relevance, chain steel material as served
in the North Sea was used and a bacterial culture was enriched from a representative
offshore site. Various methods were applied to measure and analyze the results which are
described below.

2.1. Materials

Steel samples were cut from a chain link (R4, Φ120 mm) used in the North Sea at a
depth of 85 m for 13 years, provided by a project partner. The nominal composition of the
steel is presented in Table 1. The dimensions of steel samples were 25 × 20 × 10 mm3. A
copper wire was connected with the steel sample for an electrical connection. Steel samples
and connections were embedded in epoxy resin and polished using sandpaper up to 1200
grit. Then the samples were cleaned ultrasonically in ethanol for 2 min and blow dried
in air.

Table 1. Nominal composition of the grade R4 steel in wt.% (the rest is Fe).

QR4 C Mn Si P S Ni Mo Cr Al Cu Sn V Ti As

min. 0.18 0.85 0.15 0.50 0.20 0.90 0.015 0.04

max. 0.24 1.20 0.35 0.020 0.015 0.80 0.40 1.25 0.040 0.25 0.030 0.10 0.015 0.025

2.2. Experimental Set-Up

In Figure 1 a typical vessel for test exposure is shown. Each vessel contains two
identical steel samples (duplicates, as working electrodes (WEs)) and a platinum counter
electrode (CE). A reference electrode (KCl saturated Ag/AgCl) was inserted just before
electrochemical measurements and taken out after the measurements. The reference elec-
trode was always cleaned in alcohol before it was inserted in a glass bottle through the
hole in the rubber cover to prevent the interference of microorganisms from outside of
the vessels. The vessels were closed during the tests. In Table 2 an overview of the test
methods, including samples, electrolytes (artificial seawater (SW) and artificial seawater
with addition of bacteria (SW + bacteria (MIC))), and test period is given. The steel sam-
ples P1 and P2 were for PDP measurements, samples B1–B4 for combined LPR and EIS
measurements, and samples with initial code S for only LPR measurements.
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Table 2. Experimental methods and conditions.

Samples SW SW + Bacteria (MIC) Test Duration (Day)

P1, P2 PDP

B1, B2 LPR + EIS 28

B3, B4 LPR + EIS 28

S5, S6 LPR 21

S8, S9 LPR 7

S10, S11 LPR 21

S12, S13 LPR 28

S14, S15 LPR 7

Figure 1. A typical sample exposure vessel for linear polarization resistance (LPR) and electrochemical
impedance spectroscopy (EIS) measurements.

Samples were exposed to stagnant electrolytes (600 mL) at room temperature. The pH
of the solutions at the start was 8.0. The electrolytes were described in Section 2.3. Using
stagnant electrolytes aimed to decrease disturbance to the growth of biofilms.

Different test durations were designed to study how biofilm and corrosion develop
in different time durations, e.g., tests for samples S8, S9, S14 and S15 were stopped after
exposure for 7 days and they were taken out for surface analysis. This information may
help us to understand how biofilms build up and about the initiation and progress of
localized corrosion is in different media.

2.3. Electrolytes

Two types of electrolytes were used in this study. One electrolyte was low-nutrient
loaded artificial seawater (SW) that was used for exposure of samples without MIC contri-
bution. The SW was freshly prepared using chemicals presented in Table 3 [24].

Table 3. Chemical concentration (g/L) in the artificial seawater.

NaCl MgCl2 CaCl2 Na2SO4 KCl NaHCO3 KBr H3BO3 NaF SrCl2 Yeast Lactate

23.93 5.07 1.15 4.01 0.68 0.197 0.099 0. 03 0.01 0.14 0.01 4.2 mL
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The other electrolyte was SW+bacteria (MIC), which was for investigating the suscep-
tibility to MIC. In this electrolyte, microorganisms collected at Makassar Strait and cultured
in the laboratory were added to the artificial seawater.

To support the bacteria to grow, an additional nutrient supply of 0.004 g FeSO4 ·7H2O,
0.30g Na3C6H5O7 ·2H2O and 0.10 g C6H8O6 dissolved in 10 mL deionised water was
added through a 0.2 μm pore size filter.

Moreover, once a week 250 mL of the electrolyte was exchanged with fresh solution to
supply enough nutrients for a continuous microbial growth.

2.4. Inoculation of Microorganisms

Different groups of corrosion relevant microorganisms have been detected from moor-
ing chain environment in Makassar Strait and were enriched under laboratory conditions.
Bacteria included sulfate-reducing bacteria (SRB), iron-reducing bacteria, sulfur-oxidizing
bacteria, acid-producing bacteria, slime-formers and manganese-oxidizing bacteria. The
bacteria were grown in specific media to keep them active until the start of the experiment.
A total amount of 6 × 106 cells/mL were added to the vessel (counted using a Thoma
counting chamber).

2.5. Electrochemical Measurements
2.5.1. Potentiodynamic Polarization (PDP) Curve Measurements

The PDP curve measurements were performed to obtain the Tafel slopes of polarization
curves to calculate the corrosion current density and corrosion rate. These slopes were used
to calculate the corrosion rate from the corrosion resistance measured by the LPR and EIS
measurements. The PDP measurements were carried out after holding the cells at open
circuit for 1 h and the open circuit potential (OCP) was measured in SW, open to air. The
polarization curves were measured by scanning the potential, started at −0.25 V vs. OCP
and ended at 0.35 V vs. OCP. The scan rate was 0.167 mV/s.

2.5.2. Linear Polarization Resistance (LPR) and Electrochemical Impedance Spectroscopy
(EIS) Measurements

The LPR measurements were performed in closed vessels (see Figure 1) after holding
open the circuit for 0.5 h, and OCP was measured. A linear polarization line was scanned
from −0.01 V vs OCP to +0.01 V vs OCP. The EIS were measured using ac, amplitude 0.01 V,
in frequency range 0.01–100,000 Hz. The LPR and EIS measurements were carried out after
7, 14, 21 and/or 28 days of exposure.

2.6. Surface Analysis
2.6.1. Epi-Fluorescence Microscopy

After the exposure test, samples were taken out and stained by a fluorescent dye to
discriminate cells in active (green) or inactive (red) cells. Stained microbial cells were made
visible by exciting the DNA/stain with ~490 nm blue light and observing the emitted green
or red fluorescence under the microscope. In the case of no bacteria, no fluorescence will
be detected.

2.6.2. Photo-Microscopy

The exposed sample surfaces were cleaned first in 15% HCl solution with the addition
of 0.5% hexamethylenetetramine for 10 min, then rinsed in tap water, ultrasonically in
alcohol for 2 min. and finally dried in blowing air. The topography of the exposed
samples was analysed using optical microscopy to see if corrosion took place uniformly
or locally at sample surfaces. The optical microscopes used were Olympus (DP200, for
low magnification) and Leica (Reichert MEF 4 M, for high magnification) with the Infinity
X camera and DeltaPix software. In the case of localized corrosion, pit depth was first
measured manually using microscope Leica by turning the “Fine adjustment” from focusing
on the sample surface to focusing on the bottom of the pits. The depth was calculated from
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the turning scales on the “Fine adjustment” which was calibrated. The deepest pits were
chosen to gain a cross-sectional view in order to measure the real depth to make sure no
deposit at the pit bottom might hinder the light reaching the real bottom. Four deep pits on
each sample were measured by cross-sectional view.

2.6.3. Scanning Electron Microscopy (SEM)

The steel sample surface was first ground using grinding paper (SiC) till 2500 grit and
then polished up to 1 μm. The microstructure such as inclusions and the compositions at the
steel surface were analysed using SEM in combination with energy-dispersive spectroscopy
(EDS). SEM was undertaken using a Jeol JSM 5800LV instrument equipped with a Noran
instrument EDS system.

3. Results

3.1. Electrochemical Measurements
3.1.1. PDP Curve Measurements

Figure 2 shows polarization curves in semilogarithmic plots for both polished samples
P1 and P2. Small (Tafel) slopes in the anodic polarization parts and large slopes in the
cathodic polarization parts are observed, approximately 50 mV more active than the
corrosion potentials. This means that the corrosion is controlled by the cathodic reactions
for the steel in the seawater.
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Figure 2. Polarization curves for the polished samples in artificial seawater (open to air) at 20 ◦C.

The anodic reaction is iron dissolution [25],

Fe ⇒ Fe2+ +2e− (1)

The cathodic reactions include here mainly the reduction of dissolved oxygen,

O2 + 2H2O + 4e− ⇒ 4OH− (2)

and, possibly, hydrogen evolution in anaerobic environments, e.g., under depsoits and biofilms,

2H+ + 2e− ⇒ H2 (3)

or,
2H2O + 2e− ⇒ H2 + 2OH− (4)

82



Corros. Mater. Degrad. 2022, 3

Corrosion current density icorr can be calculated from the Tafel slopes in the polariza-
tion curves using the Stern–Geary equation [26],

icorr = ba × bc / (2.3·Rp·(ba + bc)) (5)

where ba and bc are anodic and cathodic slopes, respectively, in the polarization curves; Rp
is the polarization resistance.

The general corrosion rates (CR) can be calculated from the corrosion current densities
using the following equation,

CR = 3267·(icorr · Meq)/ρ (mm/y) (6)

where icorr is current density (A/cm2), Meq equivalent mass (g), and ρ density of the
materials (g/cm3).

The corrosion potentials and corrosion current densities are presented in Table 4. The
average corrosion rate is about 0.3 mm/y. The corresponding corrosion resistance is about
1030 Ω·cm2 (as a reference for further comparison with LPR results).

Table 4. Corrosion potentials and corrosion rates for the polished samples in seawater.

Steel Ec (V)
icorr

(μA/cm2)
ba (mV/dec) bc (mV/dec) CR (mm/y)

P1 −0.64 26 68 618 0.30
P2 −0.63 25 65 676 0.29

3.1.2. LPR Measurements

The OCP values as a function of time for the steel in the different electrolytes are
shown in Figure 3. The OCP values for the samples in the seawater without bacteria are
around −0.6 V. With bacteria, the OCP values moved from −0.67 V to −0.6 V within 7 days.
This suggests that the corrosion systems are unstable in the initial period (within 1 week).
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Figure 3. Open circuit potential (OCP) values as a function of time measured for R4 steel samples in
seawater with and without bacteria.

A typical linear polarization (LP) curve for a sample (S5) in SW exposed for 14 days is
shown in Figure 4. The LPR (Rp = ΔE/ΔI) was calculated from the line in ±5 mV near the
corrosion potential (zero current).
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A typical LP curve for a sample (S10) in the SW + bacteria is shown in Figure 5.
The linear range of the LP curve near the corrosion potential (−0.61 V) is much narrow
compared to that of the S5 in SW near the corrosion potential (zero current). In the presence
of bacteria, biofilms formed at the sample surfaces, which exhibit capacitive behaviour. In
this case, the corrosion resistance was estimated in the anodic part.

Figure 4. A typical linear polarization curve for a sample (S5) in seawater (SW), exposed for 14 days.

Figure 5. A typical polarization curve for a sample (S10) in SW+bacteria (MIC), exposed for 14 days.

Figure 6 shows the polarization resistance after various exposure times measured for
R4 steel samples in SW and in SW+bacteria (MIC). The polarization resistance for the sam-
ples in the seawater without bacteria (S5-6 SW) increased from 2.4 kΩ·cm2 to 3.6 kΩ·cm2,
while for the samples in the seawater with bacteria (MIC) it decreased from 10 kΩ·cm2

84



Corros. Mater. Degrad. 2022, 3

to 1 kΩ·cm2 in 21 days. This indicates that the sample surfaces exposed to seawater with
bacteria became more active in 3 weeks, compared to those exposed to seawater only.
Originally the designed LPR test duration was for 21 days. Samples S12 and S13 were
added and extended the test duration to 28 days to see if their LPR would further decrease
in the SW + bacteria. (No sample was added to SW for 28 days, since the LPR in SW did
not change much within 21 days).
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Figure 6. Polarization resistance measured by LPR as a function of time measured for R4 steel samples
in seawater with and without bacteria. S5 and S6 in SW showed the same LPR values.

3.1.3. EIS Measurements

To better study the corrosion resistance, EIS measurements were performed for sam-
ples B1–B4. The OCP values for the samples varied around −0.62 V (±0.05 V).

Figure 7 shows the Nyquist plots (a) and Bode plots (b) for the samples exposed
to SW and SW+bacteria (MIC) for 14 days. The semicircles of B3 and B4 (in SW) in the
Nyquist plots are larger than those of B1 and B2 in SW+bacteria (MIC). The amplitude of
the impedance for the samples (B3–B4) in SW is higher than in the SW+bacteria (B1–B2
MIC) at low frequency side (0.01 Hz). The phase peaks shifted to the low-frequency side
for the samples in the SW with bacteria, which suggests that the capacitive behaviour
is significant.

 (a) 

Figure 7. Cont.
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 (b) 

Figure 7. Nyquist (a) and Bode (b) impedance plots for samples exposed to SW (B3, B4) and to
SW + bacteria (B1, B2 MIC) for 14 days.

Figure 8 shows a comparison of Nyquist (a) and Bode (b) impedance plots of samples
exposed to SW+bacteria (B1 MIC) and exposed to SW (B3) for different time durations. The
impedance module at 0.01 Hz decreased over time in both conditions. The phase angle
peak of B1 (MIC) shifted in the low-frequency direction with the increase of duration.

The impedance of the samples at a frequency of 0.01 Hz measured with different
exposure durations is presented in Table 5. The electrochemical impedance value at the
low-frequency side is related to the corrosion resistance of the steel. The samples exposed
to the seawater with microorganisms have smaller impedance values and larger phase
angle than without microorganisms.

Table 5. Impedance values and phase angles at 0.01 Hz.

Sample Solution Time (Day) |Z| (Ω·cm2) Theta

B1 SW + bacteria
14 1629 −49
21 980 −66
28 392 −73.2

B2 SW + bacteria
14 2268 −40
21 478 −74.6
28 460 −73

B3 SW
14 7036 −14.7
21 5038 −12.5
28 3227 −14.9

B4 SW
14 5093 −12.3
21 3880 −13
28 3275 −16
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 (a) 

 (b) 

Figure 8. A comparison of Nyquist (a) Bode (b) impedance plots of samples exposed to SW + bacteria
(B1 (MIC)) and exposed to SW (B3) for different time durations.
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The impedance module can be influenced by resistance, capacitance and even induc-
tance in a corrosion cell. To further analyse the capacitive and resistive behaviour of the
corrosion cells, the impedance data were fitted with an equivalent circuit presented in
Figure 9. The capacitive elements are submitted by constant phase elements (CPE) Qc and
Qdl. The impedance of a CPE can be calculated by the equation:

ZCPE = Y0
−1(jω)−n (7)

where Y0 is the admittance constant of the CPE (in sn/Ω); ω is the angular frequency
(rad/s); n is the CPE exponent, and n = α/(π/2) (α is the constant phase angle of the CPE).
When n = 1, the CPE becomes a pure capacitor [27].

Rel: electrolyte resistance,  
Qc: constant phase element for the oxide layer,  
Rcp: pore resistance,  
Qdl: constant phase element for the double layer,  
Rct: charge transfer resistance. 

Figure 9. Equivalent circuit used for fitting the impedance data.

The fitting results are presented in Table 6. The fitting results show that the resistance
attributed to the surface layer (Rcp) is very small, compared to the charge transfer resistance
Rct. Thus, the polarization resistance is in the same order of the Rct. After exposure for
28 days the corrosion resistance is approaching the same level (3.5 kΩ·cm2) for the samples
in SW and in SW+bacteria (MIC). The corrosion resistance was calculated using apparent
surface area of the samples, since the real active corrosion area was unknown.

Table 6. Parameters and fitting results of the impedance data using an equivalent circuit, R in Ω·cm2

and C in (F·cm−2).

Sample Time (Day) Cc n1 Rcp Cdl n2 Rct χ2 (×10−4)

B1 (MIC) 14 0.00227 0.893 15 0.00125 0.899 3210.8 0.6

21 0.00673 0.869 17 0.00211 0.9998 4328.6 1.2

28 0.01239 1 3 0.01007 0.868 3624.8 3

B2 (MIC) 14 0.00104 1 3 0.00052 0.808 3654 0.9

21 0.00754 0.931 4 0.01378 0.932 4216.5 8

28 0.01590 0.997 7 0.00410 0.814 4477.5 1.8

B3 (SW) 14 0.00020 0.88 39 0.00007 0.965 7825.5 4.5

21 0.00023 0.932 14 0.00018 0.922 5494.3 8

28 0.00038 0.94 10 0.00030 0.93 3487.4 5.9

B4 (SW) 14 0.00015 0.872 12 0.00019 0.943 5512.6 5.2

21 0.00021 0.922 12 0.00031 0.931 4222.6 4.4

28 0.00043 0.931 11 0.00038 0.93 3569 3.6
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The capacitance was also calculated (C = Y0
1/n·R(1 − n)/n, [28]), using apparent surface

area. The steel samples in SW+bacteria have a larger capacitance of the double layer, than
in SW. A larger capacitance results in a lower impedance module at the low-frequency side
(Table 5).

3.2. Surface Analysis
3.2.1. Epifluorescence Microscopy

After 7 days of incubation, microorganisms were regularly found on the metal coupon
surface. Biofilms covered the damaged area. Active cells (green) were mostly found in
and around the pits. The outer part of the biofilm is inactive because the surface was
often covered by red (inactive) cells (Figure 10). This means that microorganisms initially
attached to the entire surface but could only grow in limited areas where they could form a
biofilm. These preferred spots for microbial attachment may contain the right (metallic)
nutrients to encourage the growth of bacteria or deliver attractive sites for attachment.
The electrons given out by iron at a corrosion spot can be harvested by an SRB film via
extracellular electron transfer, which accelerates the cathodic depolarization [29]. In such
locations they play a role in the local corrosion process.

 
Figure 10. Micrograph of metal coupon (S9) after 7 days of exposure (before cleaning). A biofilm was
detected on the metal coupon surface. Active cells (green) were mostly found in the pits whereas red
(inactive) cells were located around the pits.

3.2.2. Corrosion Morphology
Steel in Seawater without Bacteria

After exposure for 7 days samples S8, S9, S14 and S15 were taken out for surface
analysis. After cleaning, the surface of sample S15 is shown in Figure 11a. The upper
part of the sample corroded less than the lower part, e.g., little corrosion started on the
upper-left corner in the image, where the original polishing pattern can be recognized. This
is attributable to the fact that the oxygen is more easily accessible near the water surface
than in the lower part. Localized corrosion is visible on the bottom-left corner (Figure 11a),
although a large area of the sample S15 showed general corrosion. Small pits are visible in
the magnified image Figure 11b. These small pits were in the initial stage. Inside the pits
corrosion involved metal hydrolysis and pH decrease. The surrounding area of pits acted
as cathodes. The halos surrounding the small pits in the Figure 11b are evidence. The small
pits may grow in depth and laterally, becoming big pits or connecting in surface area as
general corrosion.
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a 

b 

Figure 11. An image for the sample S15 exposed to seawater for 7 days (after cleaning the surface).
Local corrosion attack was found near the bottom-left corner (a) and small pits near the upper-right
corner zoomed in the image (b).

Figure 12 shows an image for the sample B3 exposed to seawater for 28 days after
cleaning. The whole surface was corroded. Most areas of the steel surface showed general
corrosion. The different colour on the surface is due to the rough surface after corrosion
attack and possibly remaining deposits which were not completely removed in the standard
cleaning procedure. Localized corrosion spots are visible at the sample surface. The
corrosion products rolling down from the upper part affected the corrosion at the lower
part of the sample (e.g., lower right corner in Figure 12).

 
Figure 12. An image for sample B3 exposed to seawater for 28 days (after cleaning). Localized
corrosion attacks were found in the steel (red circle). The lower part of the steel sample was affected
by corrosion products rolling down.
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The maximum depth of the pits was measured as 46 μm in sample B3 (Figure 13). It
corresponds to 0.6 mm/y, assuming that the local corrosion attack keeps occurring at the
same speed.

 

Figure 13. Cross-sectional view at pits for samples B3 in SW for 28 days.

Steel in Seawater with Bacteria

For sample S9 (Figure 14) exposed to SW + bacteria for 7 days, many small pits and a
few big pits (about φ 0.6 mm) were found. The maximum depth was about 13 μm. More
than 80% of the sample surface area showed micro pits; only about 5% surface area showed
uniform corrosion; about 10% of the area did not show corrosion.

 

Figure 14. An image for the sample S9 exposed to SW + bacteria for 7 days (after cleaning the surface).
Many small pits (yellow, diameter < 0.1 mm, >80% area) and a few big pits (red, diameter > 0.5 mm,
~3% area) were in the steel. Uniform corrosion took place in a small area (black, ~5% area).

With the addition of bacteria in SW, typical localized corrosion due to MIC was ob-
served (Figure 15). The corrosion boundary has a round shape. Approximately 40% surface
area was corroded. Assuming one third of surface area was corroding, the real corrosion
current density would be three times of the average corrosion current density, which means
the corrosion rate would be three times of the measured average corrosion rate.
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Figure 15. An image of sample S13 exposed to seawater with bacteria for 28 days (after cleaning).
Half of the surface area was attacked by local corrosion.

Similar corrosion morphology was found for the samples B1 and B2 exposed to
SW+bacteria (MIC) for 28 days. The maximum pit depth is 63 μm (Figure 16), which
corresponds to 0.82 mm/y, assuming that the corrosion keeps occurring at the same speed.
This corrosion rate is higher than that measured in field assessment (0.53 mm/y in diameter
reduction in the worst case), which is attributable to those corrosive bacteria added in the
seawater and the temperature in the lab test being higher than in North Sea waters.

 
Figure 16. Cross-sectional view at two pits for sample B2 after exposure to the SW + bacteria for
28 days. The maximum pit depth is 63 μm.
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The relative percentage of the corroded area and maximum pit depth in samples B1-B4
were evaluated using photo microscopy and are given in Table 7. The areas of micro-pits
and macro-pits were estimated by taking a few images and adjusting the black/white
contrast. The samples (B1–B2) exposed to SW+bacteria showed a greater percentage
of localized corrosion area, while the samples (B3–B4) exposed to SW showed a higher
percentage of uniform corrosion and micro-pit area.

Table 7. Percentage of corrosion area (%) and maximum pit depth of samples B1–B4.

Sample Condition Time (Day)
Uniform

Corrosion
Macro-Pits Micro-Pits

Corrosion
Products

Affected Area

Intact
Area

Maximum
Pit Depth

(μm)

B1 MIC 28 - 30 70 - - 42
B2 MIC 28 - 20 70 - 10 63

B3 SW 28 30 10 50 10 - 46
B4 SW 28 40 10 50 - - 39

3.2.3. Microstructure and Inclusions in the Steel

Figure 17 shows the microstructure of the steel. It shows a typical fine grain microstruc-
ture, composed of tempered martensite and bainite.

 
Figure 17. Microstructure of the chain grade R4 steel, composed of tempered martensite and bainite.

Inclusions have been found in the steel sample. Figure 18 shows a backscatter image
at a cross section (a) and EDS plots at a particle (b) and nearby area (c) for an exposed steel
sample (S8). The composition analysed using EDS (see Table 8) indicates that the dark-grey
particle in Figure 18a is an MnS inclusion. This inclusion is about 20 μm in length and
5 μm in width. The elements detected at position (3) are related to the composition of the
steel matrix.
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Figure 18. An inclusion (backscattering image (a), EDS plots in the position 1 (b) and at position 3
(c) for an exposed sample (S8) after exposure to seawater without bacteria for 7 days.

Table 8. Element percentage (wt. %) measured at positions in Figure 18a.

Element Si S Ca Cr Mn Fe Ni

Position 1 6.2 38.0 0.2 53.2 2.4

Position 3 0.5 0.4 2.0 1.2 95.3 0.6

TiVCr-enriched particles were also found in this steel sample (see Figure 19 and
Table 9). These particles are known for initiating local corrosion due to their potential
difference with regard to that of the surrounding steel matrix.

Figure 19. An inclusion (backscattering image (a), EDS plots in the position 1 (b) and at position 3
(c) for an exposed sample (S8) after exposure to seawater without bacteria for 7 days.
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Table 9. Element percentage (wt.%) measured at positions in Figure 19a.

Element C Mg Al Si S Ti V Cr Mn Fe

Point 1 9.1 0.1 1.0 75.0 8.6 3.5 2.7

Point 2 0.2 0.3 0.5 24.6 1.7 1.8 1.2 69.7

4. Discussion

Mooring chain steel samples were exposed to artificial seawater and artificial seawater
with bacteria for different durations. Different techniques were used to study the localized
corrosion phenomena associated with these conditions.

PDP curve measurements show that the fresh steel surface has an average corrosion
rate of 0.3 mm/y in seawater (open to air). However, the corrosion rate changes with time
because of the surface condition changes over time.

In the presence of micro-organisms, OCP showed a large scatter during the first period
(a few days) of exposure. This has to be attributed to irregular attachment of the organisms
at the surface and formation of biofilm which disturbs the balance of electrochemical
reactions. After 2 to 3 weeks all samples reached a stable value of circa −0.6 VAg/AgCl
which is usually measured for this steel in seawater.

The LPR (Rp) measured (in closed vessels) was relatively stable during exposure to
SW in the absence of microorganisms. In the closed system the corrosion rate measured
using LPR was one third of that measured using PDP curves in an open system. The Rp
value 3.6 kΩ·cm2 corresponds with circa 0.1 mm/y corrosion rate for this steel in seawater,
in case general corrosion is assumed. On the other hand, in the presence of microorganisms
the Rp decreased over time. In all cases good reproducibility was found, but questions were
raised about the meaning of the Rp in the case of local corrosion, the subject of this study.
This parameter and the way to measure it is completely based on the theory of uniform
corrosion. In fact, pits were found in all samples, and that means localized corrosion. The
local corrosion rate cannot be established via Rp since the representative area is not clear. If
only one third of the surface area is corroding, the real corrosion rate will be three times the
measured average corrosion rate.

The reason for applying OCP and LPR in this investigation was that these techniques
are relatively easy to perform and therefore suitable to be used for in situ monitoring.
However, LPR creates errors due to the non-linearity when biofilms are present at steel
surface. EIS gives not only information of polarization resistance, but also information of
capacitive behaviour of the surface layers. The polarization resistance measured by EIS was
approaching 3.5 kΩ·cm2 in 28 days. The capacitance for the steel in the SW with bacteria
was larger than in SW without bacteria, which could be attributable to a larger charged
surface area in the presence of biofilm. Thus, EIS gives more information about the surface
conditions, although more data fitting is needed. Next to EIS measurements, a detailed pit
analysis is also required.

In all cases pits were found in the exposed steel surfaces. A distinction can be made
between two different types of pits:

(a) Relatively small pits which occur in large areas of the steel. Local corrosion attacks
initiate at defects such as the grain boundaries or inclusions. According to literature
these “micro” pits are formed very quickly after immersion. Most of these pits reach
the depth of 100–200 μm and then stop propagating [20,30]. Pits can continue their
growth only under a layer of corrosion products or biofilms. The observed pits are
the locations where anodic reactions occur, the rest of the surface being the cathodic
part. Sometimes after the start of exposure, corrosion products are formed in the pits
increasing the electrical resistance and inhibiting the access of oxidizing agents. Then
the reactions stop and start elsewhere, but with lower driving forces.

(b) A limited number of clearly larger pits is found on the surface of all samples. In con-
trast to the small pits described above, these pits are found in limited locations. These
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relatively large corrosion spots initiate from small pits and grow in depth and laterally
due to high local driving forces such as local metallic inclusions. Relatively large
inclusions are found in the steel (MnS and TiVCr, 5–20 μm, see Figures 18 and 19);
inclusions are known to have different potentials with regard to the matrix and
cause local galvanic corrosion. Therefore, it is obvious that a link exists between the
inclusions found and the large pits.

The exposure of coupons without bacteria indicated the aforementioned formation of
pits. The steel was fine-grain treated. It contains Al, Ti, V, Cr, Ni and Mo alloy elements,
apart from Mn. The microstructure was composed of martensite and bainite. A tiny differ-
ence in local chemical difference can initiate small pits as demonstrated in Figure 11. The
large pits and the underlying corrosion mechanism is attributed to the exists of inclusions.
The pit size depends on the geometry and orientation of the inclusions. The inclusions were
not uniformly distributed. The number of inclusions per unit area was not determined in
this work. The correlation between the locations of the localized corrosion and inclusions
deserves further investigation.

The important question is if the “large” pits will propagate because of MIC or other
local causes such as, for example, oxygen depletion (“crevice corrosion”). In the presence of
microorganisms, biofilms are formed on the surface. Biofilms can include elements which
contribute to the corrosion mechanism but can also function as a barrier to oxygen. One
mechanism of MIC is the oxygen differential cell formed under the biofilm which accelerates
the local corrosion. Results of epi-fluorescence microscopy showed local concentrations
of active organisms (near pits), which implies also local activity. Thus, it is evidence that
active organisms preferentially settle in the neighbourhood of pits indicating their possible
role in the corrosion process.

Concerning the mechanisms of MIC, a number of theories and models are reported,
such as cathodic depolarization theory (CDT), iron sulphide mechanism, anodic depolar-
ization, biomineralization, Romero’s mechanism etc. [31]. However, Blackwood examined
the CDT theory and reported that both the CDT and direct electron transfer from the metal
into the cell for the role of SRB in the corrosion of carbon steel were incorrect [32]. The MIC
process is so complicated that to understand the mechanism needs more effort by materials
scientists, electrochemists and biologists working together [32,33].

Results of this study, in particular those of the surface investigation after exposure,
prove that surface properties of the steel have an essential role in starting a local corrosion
attack. The microstructure and composition heterogeneities at the matrix such as grain
boundary (which will be investigated in future) and inclusions generate local corrosion
cells because a small difference in composition or microstructures generates an electro-
chemical difference (e.g., potential difference). These local corrosion cells are likely onsets
of local corrosion.

5. Conclusions

From the results described above conclusions can be drawn on the corrosion behaviour
of R4 steel in seawater:

(a) Localized corrosion has been found in the absence as well as in the presence of
microorganisms, and occurs from the start of the exposure.

(b) Inclusions of MnS and TiVCr have been detected in the R4 steel. These inclusions
formed during the manufacture of the chain steel have a critical influence on the local
corrosion attack.

(c) With the addition of bacteria, already after 7 days of incubation an active biofilm was
detected on the surface of the coupons with favoured locations in and around the pits.

(d) The localized corrosion rate was as high as 0.82 mm/y in the SW in the presence of
bacteria. In the case of local corrosion, applying uniform corrosion measurement
techniques and formulas are not considered representative. This paper shows
that representative areas have to be introduced to match physical results with
the measurements.
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Abstract: Green rust compounds (GR), i.e., Fe(II-III) layered double hydroxides, are important tran-
sient compounds resulting from the corrosion of steel in seawater. The sulfated variety, GR(SO4

2−),
was reported as one of the main components of the corrosion product layer, while the chloride variety,
GR(Cl−), was more rarely observed. The carbonate variety, GR(CO3

2−), is favored by an increase
in pH and forms preferentially in the cathodic areas of the metal surface. Since Mg(II) is abundant
in seawater, it may have a strong influence on the formation of GR compounds, in particular as it
can be incorporated in the hydroxide sheets of the GR crystal structure. In the present work, the
influence of Mg2+ on the precipitation reaction of GR(SO4

2−) was investigated. For that purpose,
Mg2+ was substituted, partially or entirely, for Fe2+. The GR was then prepared by mixing a solution
of FeCl3·6H2O, Na2SO4·10H2O, NaCl, FeCl2·4H2O and/or MgCl2·4H2O with a solution of NaOH.
The precipitation of the GR was followed or not by a 1-week aging period. The obtained precipitate
was characterized by X-ray diffraction. It was observed that Mg(II) favored the formation of chloride
green rust GR(Cl−) and magnetite Fe3O4 at the detriment of GR(SO4

2−). The proportion of GR(Cl−)
and Fe3O4 increased with the Mg(II):Fe(II) substitution ratio. Without Fe(II), the precipitation reaction
led to iowaite, i.e., the Mg(II)-Fe(III) compound structurally similar to GR(Cl−). It is forwarded that
the presence of Mg2+ cations in the hydroxide sheets of the GR crystal structure is detrimental for
the stability of the crystal structure of GR(SO4

2−) and favors the formation of other mixed valence
Fe(II,III) compounds.

Keywords: carbon steel; marine corrosion; seawater; green rust; magnesium; magnetite; X-ray diffrac-
tion

1. Introduction

Green rust compounds (GR) are common and important corrosion products of steel
exposed to marine environments [1]. They are mixed valence Fe(II,III) hydroxysalts and
a particular case of layered double hydroxide (LDH). LDH compounds can be based on
various divalent and trivalent cations, for instance, Mg(II), Ni(II), Zn(II), Al(III), Cr(III), etc.,
and can incorporate various monovalent and divalent anions, e.g., Cl−, SO4

2−, and CO3
2−.

Actually, when carbon steel is immersed in seawater, the sulfated green rust GR(SO4
2−)

with composition FeII
4FeIII

2(OH)12SO4·8H2O is the first corrosion product that forms [2].
As it contains mainly Fe(II) cations, GR(SO4

2−) is readily oxidized by dissolved O2, a
process that leads to Fe(III)-oxyhydroxides and/or magnetite (Fe3O4) [3,4]. This process
explains why the corrosion product layer formed on carbon steel permanently immersed in
seawater is mainly composed of (at least) two strata. First, an inner dark stratum is present
at the metal surface. It contains the Fe(II)-based corrosion products (e.g., the sulfated green
rust) forming from the dissolution of the metal. Second, an orange-brown outer stratum is
present on top of the dark inner stratum. It contains mainly Fe(III)-oxyhydroxides resulting
from the oxidation of Fe(II)-based corrosion products [2,5–7].

Corros. Mater. Degrad. 2021, 2, 46–60. https://doi.org/10.3390/cmd2010003 https://www.mdpi.com/journal/cmd
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The formation of the carbonated green rust GR(CO3
2−), i.e., FeII

4FeIII
2(OH)12CO3·2H2O,

is favored when a cathodic polarization is applied to steel [8]. As a result, pyroaurite was
observed at the surface of steel structures under cathodic protection [9]. This compound
is similar to GR(CO3

2−), with Mg2+ cations substituted for Fe2+ cations. The formation
of pyroaurite is the consequence of the presence of Mg2+ ions in seawater ([Mg2+] ~
0.053 mol/kg, the second most abundant cation after Na+ [10]). This finding suggests that,
even at the open circuit potential (OCP), some Mg2+ cations could be incorporated in the
crystal structure of green rust compounds, thus influencing more or less importantly the
nature and properties of various components of the corrosion product layer. The main aim
of the present study was to determine whether Mg2+ ions could indeed have an important
role on the formation of GRs, and in particular GR(SO4

2−), a question that has not yet
been addressed.

In the present study, GR(SO4
2−) was formed by precipitation from dissolved Fe(II) and

Fe(III) species, i.e., no metal (Fe0) was used. The GR was then prepared by mixing a solution
of Fe(III), Fe(II), and/or Mg(II) salts (chlorides and/or sulfates) with a solution of NaOH.
This precipitation reaction is assumed to mimic the process leading from the dissolved
species produced by the corrosion of steel to the GR compound. It corresponds to the first
step of the formation of the corrosion product layer that covers steel surfaces immersed in
seawater [1,2]. The aim of the study was then to determine the effects of dissolved Mg(II)
species on the precipitation reaction. For that purpose, Mg2+ cations were partially or
totally substituted for Fe2+. The solid phases obtained for various Mg(II):Fe(II) substitution
ratios were characterized by X-ray diffraction (XRD), immediately after precipitation or
after one week of ageing. To simulate a marine environment, the overall chloride and
sulfate concentrations were adjusted at values typical of seawater.

2. Materials and Methods

2.1. Synthesis of (Fe,Mg)II-FeIII LDH

Five precipitates, called M0-M4 were precipitated by mixing a solution (100 mL) of
FeCl3·6H2O, FeCl2·4H2O and/or MgCl2·4H2O, NaCl and Na2SO4·10H2O with a solu-
tion (100 mL) of NaOH. All the chemicals had a purity higher or equal than 99%. The
experiments were performed at room temperature (RT = 22 ± 1 ◦C).

The considered concentrations are given in Table 1. They are expressed with respect
to the overall amount of the solution, i.e., 200 mL, and are based on previous work [11].
The overall chloride concentration is 0.55 mol/L, whereas the sulfate concentration is
0.03 mol L−1. They are both similar to the Cl− and SO4

2− concentrations characteristic
of seawater [10]. M0 is the reference experiment performed without Mg(II). M1-M3 are
experiments performed with increasing Mg(II):Fe(II) concentration ratios, i.e., 1:3 for M1,
1:1 for M2, and 3:1 for M3. M4 is the experiment performed without Fe(II).

Table 1. Concentrations of reactants (mol L−1) used for the various experiments M0–M4.

Reactants
Concentrations (mol L−1)

M0 M1 M2 M3 M4 M4s 1

NaOH 0.24 0.24 0.24 0.24 0.24 0.24
NaCl 0.19 0.19 0.19 0.19 0.19 0

Na2SO4·10H2O 0.03 0.03 0.03 0.03 0.03 0
FeCl2·4H2O 0.12 0.09 0.06 0.03 0 0
MgCl2·4H2O 0 0.03 0.06 0.09 0.12 0
FeCl3·6H2O 0.04 0.04 0.04 0.04 0.04 0

MgSO4·7H2O 0 0 0 0 0 0.12
Fe2(SO4)3·5H2O 0 0 0 0 0 0.12

1 M4s: Specific experiment without Fe(II) and Cl−.

M4s is an additional experiment performed without Fe(II) and Cl− ions, i.e., using
Mg(II) and Fe(III) sulfates and omitting NaCl.
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The precipitation reaction of GR(SO4
2−) can be written as follows:

4Fe2+ + 2Fe3+ + 12OH− + SO4
2− + 8H2O → FeII

4 FeIII
2 (OH)12 SO4·8H2O (1)

According to this reaction, stoichiometric conditions correspond to [FeII]/[OH−] = 1/3,
[FeII]/[FeIII] = 2, and [FeII]/[SO4

2−] = 4. The experimental conditions considered to precipi-
tate M0 correspond to [FeII]/[OH−] = 1/2, [FeII]/[FeIII] = 3, and [FeII]/[SO4

2−] = 4, i.e., to an
excess of Fe(II) with respect to Fe(III) and OH−. As observed in [11], this situation leads to
an excess of dissolved Fe(II) (and SO4

2−) species in the solution and hinders the formation
of magnetite Fe3O4. The precipitation reaction is then, for the experimental conditions
considered in the present study (omitting Cl− and Na+ ions that do not participate in the
reaction though present in the solution):

6Fe2+ + 2Fe3+ + 12OH− +
3
2

SO4
2− + 8H2O → FeII

4FeIII
2(OH)12SO4·8H2O + 2Fe2+ +

1
2

SO4
2− (2)

The suspensions were stirred for 1 min and aged 1 week at RT in a flask filled to the
rim. The flask was then hermetically sealed to avoid any oxidation by air of the precipitates.
The aged precipitates were finally filtered for analysis by XRD. They were sheltered from
air with a plastic membrane during filtration to avoid the oxidation of the obtained GR
compounds. The pH of the suspensions after ageing was measured close to neutrality
(6.5 to 7.3). The pH of the solution has an influence on the evolution of the precipitate
during the ageing procedure. The experimental conditions of the present study were
chosen to avoid the transformation of GR to magnetite [11].

Additional experiments were performed similarly to analyze the unaged precipitate.
In this case, the suspension was filtered immediately after the 1 min-stirring.

2.2. XRD Analysis

The solid phases obtained with various Mg(II):Fe(II) ratios were analyzed by X-ray
diffraction (XRD), a method suitable for distinguishing between the various types of green
rusts [7–9]. The other method usually used to characterize the corrosion products of steel,
often coupled to XRD for that purpose, is μ-Raman spectroscopy [2,5,7–9]. However, the
Raman spectra of the various GR compounds are similar and this method is not adequate
to identify unambiguously a given type of GR [12]. Fourier transform infrared (FTIR)
spectroscopy was also considered but the few tests we performed revealed that the small
amounts of magnetite identified via XRD in some samples were difficult to detect.

X-ray diffraction (XRD) analysis was achieved with an Inel EQUINOX 6000 diffrac-
tometer (Thermo Fisher Scientific, Waltham, MA, USA) using the Co-Kα radiation
(λ = 0.17903 nm) at 40 kV and 40 mA. The diffractometer is equipped with a CPS 590 detec-
tor that detects the diffracted photons simultaneously on a 2θ range of 90◦. To prevent the
oxidation of Fe(II)-based compounds during preparation and analysis, the samples were
mixed with a few drops of glycerol in a mortar before being crushed until a homogenous
oily paste was obtained. With this procedure, the various particles that constitute the
sample are coated with glycerol and thus, sheltered from the oxidizing action of O2 [13].
Glycerol may only give rise to a very broad “hump” visible on the XRD pattern between
2θ~25◦ and 2θ~35◦.

Mg(II)-Fe(III) compounds (M4 and M4s experiments), that cannot be further oxidized
by O2, were analyzed whether as a wet paste immediately after filtration or as a dry powder
after drying in air. In this last case, sodium salts such as NaCl are present together with the
Mg-Fe compounds.

The analysis was performed in any case at RT with a constant angle of incidence (5◦)
during 45 min.

The various obtained solid phases were identified via the ICDD-JCPDS (International
Center for Diffraction Data—Joint Committee on Powder Diffraction Standards) database,
and the peaks indexed according to the corresponding file. Moreover, the parameters,
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i.e., interplanar distance, intensity and full width at half maximum, of the diffraction
peaks, were determined via a computer fitting of the experimental diffraction patterns. The
diffraction peaks were fitted in any case with pseudo-Voigt functions to take into account
the evolution of the peak profile with increasing diffraction angle. The fitting procedure
was achieved using the OriginPro 2016 software (OriginLab).

3. Results

3.1. XRD Analysis of Aged Precipitates

Figure 1 displays the XRD pattern of precipitate M0 after 1 week of ageing. In this
first case, Mg(II) cations were not present and the obtained compound is then a Fe(II)-
Fe(III) LDH.

Figure 1. XRD pattern of reference precipitate M0 ([MgII] = 0) after 1 week of ageing at room
temperature (RT). GR = GR(SO4

2−), GRCl = GR(Cl−), with the corresponding Miller index.

In agreement with the previous work [11], the XRD pattern reveals that the solid phase
is mainly composed of GR(SO4

2−), i.e., the Fe(II)-Fe(III) SO4-LDH. The two main peaks
of the chloride green rust are seen together with those of GR(SO4

2−), but their intensity is
very low. Using the fitting procedure described in Section 2.2, the intensity ratio between
the main peak of GR(SO4

2−) (GR001, at 2θ = 9.2◦) and the main peak of GR(Cl−) (GRCl003,
at 2θ = 12.9◦) is determined at 93:1.

Figure 2 displays the XRD pattern of precipitate M4 after 1 week of ageing. This
second case corresponds to the situation where Fe(II) cations are not present. The obtained
compound is consequently a Mg(II)-Fe(III) LDH. Strikingly, its XRD pattern drastically
differs from that of GR(SO4

2−). The main diffraction peak, which corresponds to the
distance between two consecutive Fe planes in the LDH structure, is located at about
2θ = 13◦. This leads to an interplanar distance of 8 Å, rather typical of GR(Cl−). By
comparison, the main diffraction peak of GR(SO4

2−) is found at 9.2◦ (Figure 1), which
corresponds to an interplanar distance of 11.15 Å. The diffraction peaks of the obtained
Mg(II)-Fe(III) LDH actually correspond to the mineral iowaite, that is the Mg(II)-Fe(III)
Cl-LDH similar to GR(Cl−) [14,15] with the chemical formula Mg6Fe2(OH)16Cl2·4H2O [15].
In the experimental conditions considered here, when Mg(II) is substituted for Fe(II), a
Cl-LDH is formed rather than a SO4-LDH. Note that the solid phase was analyzed as a dry
powder so that the diffraction lines of NaCl are also seen.
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Figure 2. XRD pattern of precipitate M4 ([FeII] = 0) after 1 week of ageing at RT. The precipitate was
analyzed as a dry powder. Io: Iowaite, H: Halite NaCl, with the corresponding Miller index.

It can finally be observed that the diffraction peaks of the obtained iowaite are much
broader than those of the sulfated GR obtained in the absence of Mg(II) (Figure 1). This
shows that the average crystal size, or more exactly the mean coherent domain size, of
the Mg(II)-Fe(III) Cl-LDH is much smaller than that of GR(SO4

2−), i.e., the Fe(II)-Fe(III)
SO4-LDH.

The XRD pattern of the precipitate obtained with equal amounts of Fe(II) and Mg(II),
i.e., precipitate M2, is displayed in Figure 3. Both GR(SO4

2−) and GR(Cl−) are identified,
and found in similar proportions according to the respective intensity of their main peaks.
Note that both compounds are likely to comprise not only Fe(II) cations, but Mg(II) cations
too. Consequently, they may not be green rust compounds sensu stricto. However, for
clarity, this terminology will be used in the following to designate the FeII-(MgII)-FeIII

SO4-LDH and Cl-LDH.

Figure 3. XRD pattern of precipitate M2 ([MgII]/[FeII] = 1) after 1 week of ageing at RT.
GR = GR(SO4

2−), GRCl = GR(Cl−), M = Fe3O4, with the corresponding Miller index.

Magnetite, the Fe(II-III) mixed valence oxide with chemical formula Fe3O4, is also
identified. This shows that the presence of Mg(II) cations has induced in this case the
formation of both GR(Cl−) and Fe3O4.
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Figure 4 displays the XRD patterns of precipitates M1 and M3 after 1 week of ageing.
These data confirm that Mg(II) favors the formation of GR(Cl−) and magnetite. Actually,
for the high substitution ratio [MgII]/[FeII] = 3 (precipitate M3), the main obtained LDH
is GR(Cl−). The intensity of the diffraction peaks of GR(SO4

2−) is very weak, even with
respect to that of the main peak of magnetite (M311, at 2θ = 41.3◦). The intensity ratio
between the main peak of GR(SO4

2−) and the main peak of GR(Cl−) is now determined
at 1:32. Conversely, for the low substitution ratio [MgII]/[FeII] = 1/3 (precipitate M1), the
diffraction peaks of both GR(Cl−) and magnetite remain very small. However, the intensity
ratio between the main peak of GR(SO4

2−) and the main peak of GR(Cl−) is equal to 22:1
in this case, while it was 93:1 in the absence of Mg(II) cations. The influence of Mg(II) is
small but nonetheless detectable.

Figure 4. XRD pattern of precipitates M1 ([MgII]/[FeII] = 1/3) and M3 ([MgII]/[FeII] = 3) after 1 week
of ageing at RT. GR = GR(SO4

2−), GRCl = GR(Cl−), M = Fe3O4, with the corresponding Miller index.

A detailed analysis of the XRD data was achieved to obtain further information, in
particular about a possible variation of the GR lattice parameters with the Mg(II):Fe(II)
concentration ratio. For that purpose, the angular regions where the two main peaks of
GR(SO4

2−) and GR(Cl−) are present were computer fitted (see Section 2.2). The result
obtained for precipitate M2 in the 24–30◦ 2θ region of the GRCl006 peak is displayed in
Figure 5 as an example.

Since the GRCl006 peak overlaps slightly with the GR003 peak, both peaks were taken
into account. However, the experimental curve could not be adequately fitted and an
additional broad peak had to be added. The position of this peak was determined through
the fitting procedure at 2θ = 27.52◦, a diffraction angle associated with an interplanar
distance of 3.76 Å. It corresponds exactly to the 006 diffraction peak of the carbonated
green rust GR(CO3

2−) [13,16]. This finding actually shows that a very small amount
of GR(CO3

2−) has formed together with GR(SO4
2−), GR(Cl−), and magnetite, although

carbonate species were not added specifically to the system. These carbonate species could
originate in (i) the dissolution of CO2 in the solution and (ii) some impurities present in the
chemicals used. It happened that the NaOH pellets used for this study contained a small
proportion of Na2CO3.
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Figure 5. Fitting of the XRD pattern of precipitate M2 ([MgII]/[FeII] = 1) after 1 week of ageing at RT:
Detail of the 24–30◦ angular region. GR = GR(SO4

2−), GRCl = GR(Cl−), GRC = GR(CO3
2−), with the

corresponding Miller index.

However, the presence of the weak GRC006 peak cannot explain the important asym-
metry of the 006 diffraction peak of GR(Cl−). As it can be seen in Figure 5, the computer
fitting procedure had to be achieved with two pseudo-Voigt functions in the case of the
GRCl006 diffraction peak. Such an asymmetry was not observed for the diffraction peaks
of GR(SO4

2−), as illustrated by the GR003 peak in Figure 5.
All the results obtained with the fitting of the XRD patterns are listed in Table 2. The

data corresponding to the traces of carbonate GR, identified in each case, are omitted as
they are only the consequence of the presence of carbonate traces (CO2 and impurities) in
the system.

Table 2. Characteristics of the two main diffraction peaks of GR(SO4
2−) and GR(Cl−)/iowiate for

the aged M0-M4 precipitates; d: Interplanar distance (Å), I: Peak intensity, with I = 100 for the most
intense peak of the considered compound, and FWHM: Full width at half maximum, in degrees.
GR = GR(SO4

2−) and GRCl = GR(Cl−)/iowaite.

Diffraction Peak Parameter M0 M1 M2 M3 M4

d 11.18 Å 11.14 Å 11.13 Å 11.16 Å -
GR001 I 100 100 100 100 -

FWHM 0.21◦ 0.24◦ 0.34◦ 0.35◦ -

d 5.53 Å 5.51 Å 5.52 Å 5.52 Å -
GR002 I 51 51 40 52 -

FWHM 0.25◦ 0.28◦ 0.36◦ 0.41◦ -

d - 8.01 Å 8.04 Å 7.96 Å 8.14 Å
GRCl003 I - 100 100 100 100

FWHM - 0.80◦ 0.46◦ 0.64◦ 1.53◦

d1 - 4.01 Å 4.01 Å 4.02 Å 4.04 Å
I1 - 82 27 7 57

GRCl006 FWHM1 - 0.80◦ 0.49◦ 0.53◦ 1.79◦
d2 - - 3.96 Å 3.95 Å -
I2 - - 28 35 -

FWHM2 - - 0.68◦ 0.81◦ -
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First, these results show that the 001 and 002 interplanar distances of GR(SO4
2−),

linked to the c parameter of the hexagonal cell, are not influenced by the [MgII]/[FeII]
substitution ratio. They vary slightly around an average of 11.16 ± 0.02 Å for d001 and
5.52 ± 0.01 Å for d002 with no apparent link with [MgII]/[FeII]. However, a clear trend is
observed for the width of those peaks. FWHM increases significantly with the proportion
of Mg(II), which shows that the growth of the GR(SO4

2−) crystals, and/or the increase of
crystallinity of GR(SO4

2−), is hindered by the presence of the Mg(II) cations.
In contrast, more important changes are observed for the diffraction peaks of GR(Cl−).

The data obtained for precipitate M4, that is for the Mg(II)-Fe(III) Cl-LDH, are indeed
characteristic of iowaite [14]. It can then be noted that the lattice parameters of iowaite
differ from those of GR(Cl−). The d003 and d006 interplanar distances are linked to the
c parameter of the conventional hexagonal cell. They lead to an average c/3 value of
8.11 ± 0.03 Å (average of d003 and 2 × d006) comparable to the values reported in previous
works for iowaite, which are between 8.04 [14] and 8.11 Å [15]. The c/3 parameter of
GR(Cl−) is smaller, about 7.95 Å [17].

The main peak GRCl003 of the chloride GR, though slightly asymmetric, could be
fitted in any case with only one pseudo-Voigt function. However, the corresponding
interplanar distance was observed between 7.96 Å for M3 and 8.04 Å for M2, and up to
8.14 Å for M4. The two extreme values are typical of GR(Cl−) and iowaite [14,15,17]. The
important asymmetry of the GRCl006 diffraction peak implied the use of two pseudo-Voigt
functions. Actually, variations of dhkl are associated with larger variations of 2θhkl in the
angular region corresponding to the GRCl006 peak, which may explain that the asymmetry
of the GRCl003 peak was smaller. The phenomenon was more pronounced in the case
of precipitate M2 (Figure 5) and led to two peaks with a similar intensity (Table 2). The
corresponding d006 distances were determined at 4.01–4.02 and 3.95–3.96 Å. They lead
to values of 8.03 ± 0.01 and 7.91 ± 0.01 Å, respectively. Though the asymmetry of the
GRCl006 peak may have various origins, a heterogeneous Mg(II) content could lead to
a variation of the c lattice parameter of the conventional hexagonal cell, this parameter
increasing with the Mg(II) content, as illustrated by the difference between the c lattice
parameter of GR(Cl−) and that of iowaite.

The width of the GRCl peaks also varies with the [MgII]/[FeII] substitution ratio. As
already noted, FWHM is very high in the absence of Fe(II), that is for iowaite. The influence
of Mg(II) is also illustrated by the increase of FWHM from M2 to M3. However, the width
of the GR(Cl−) peaks is larger for M1 even though the [MgII]/[FeII] ratio is smaller.

3.2. XRD Analysis of Unaged Precipitates

Some solid phases may result from the precipitation reactions, while other phases
may form during ageing via the transformation of initially precipitated compounds. The
evolution with time of precipitate M0, previously studied [11], showed, for instance, that the
amount of GR(Cl−) decreased upon ageing, which implied that part of the initially formed
GR(Cl−) transformed to GR(SO4

2−). Consequently, only traces of GR(Cl−) remained after
1 week (as seen in Figure 1). Similarly, it was observed that, in the absence of excess
dissolved Fe(II) species, part of the initially precipitated GR(SO4

2−) could transform into
magnetite [11].

Figure 6 displays the XRD patterns of unaged precipitates M1 and M2. In both cases,
the diffraction peaks are clearly broader than those of the aged compounds (Figures 3 and 4).
This illustrates a well-known effect of ageing, i.e., the increase of crystallinity and crystal
size with time. In the case of M1, only two phases are detected, namely GR(SO4

2−) and
GR(Cl−). After 1 week of ageing, magnetite was present. This result shows that magnetite
results in this case from the ageing procedure. The intensity ratio between the main peak
of GR(SO4

2−) and the main peak of GR(Cl−) is determined before ageing at 5.5:1. It was
determined (see previous Section 3.1) at 22:1 after 1 week of ageing. This shows that the
proportion of GR(Cl−) decreased significantly during ageing, as observed for M0 [11], i.e.,
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in the absence of Mg(II) cations. For the lowest [MgII]/[FeII] ratio of 1/3, GR(Cl−) may
then have also transformed to GR(SO4

2−).

Figure 6. XRD pattern of unaged precipitates M1 ([MgII]/[FeII] = 1/3) and M2 (MgII]/[FeII] = 1).
GR = GR(SO4

2−), GRCl = GR(Cl−), M = Fe3O4, with the corresponding Miller index.

In the case of M2, magnetite is already present among the solid phases that com-
pose the unaged precipitate. Consequently, the three phases observed after ageing, i.e.,
GR(SO4

2−), GR(Cl−), and Fe3O4, result from the precipitation process. The intensity ratio
between the main peak of GR(SO4

2−) and the main peak of GR(Cl−) is determined at 1:1.5
for the unaged precipitate and 1:1.8 for the aged precipitate (Figure 3). The variation is
slight and may not be significant. In any case, it shows that the proportion of GR(Cl−)
remained constant or increased slightly upon ageing, in contrast with what was observed
without Mg(II) (precipitate M0, [11]) or with the lowest [MgII]/[FeII] substitution ratio
(precipitate M1). This shows that the presence of Mg(II) not only favors the precipitation of
the Cl-LDH, but also increases its stability with respect to the SO4-LDH.

3.3. Analysis of the Mg(II)-Fe(III) Solid Phases Obtained in the Absence of Chloride

The first XRD pattern, shown in Figure 7, is that of precipitate M4s aged 1 week and
analyzed immediately after filtration as a wet paste. The obtained Mg(II)-Fe(III) compound
is poorly crystallized and its pattern is similar to that of GR(SO4

2−), i.e., the main diffraction
peak is located at 9.0◦. This pattern was indexed according to the ICCD-JCPDS file of
wermlandite Mg7Al1,14Fe0,86(OH)18Ca0,6Mg0,4(SO4)2(H2O)12, a mineral structurally similar
to GR(SO4

2−) [18]. Wermlandite includes Al3+ and Ca2+ ions and not only Mg2+ and
Fe3+ cations. In our experiment, Al3+ and Ca2+ ions were not present and the obtained
compound is then a Mg(II)-Fe(III) SO4-LDH. Other SO4-LDH are also characterized by this
type of structure, where two consecutive metal cations planes are separated by ~11 Å. An
example is hydrohonnessite, where the cations present in the hydroxide layers are Ni2+

and Fe3+ [19].
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Figure 7. XRD pattern of precipitate M4s ([FeII] = 0 and [Cl−] = 0) after 1 week of ageing at RT.
W = Mg(II)-Fe(III) hydroxysulfate similar to wermlandite, with the corresponding Miller index.

This result clearly shows that a Mg(II)-Fe(III) SO4-LDH similar to GR(SO4
2−) can be

obtained if Cl− ions are not available for the formation of a Cl-LDH. The distance between
two consecutive planes of metal cations is determined at 11.56 Å, which shows that, as for
the Cl-LDH, the substitution of Fe(II) by Mg(II) cations leads to an increase of the c lattice
parameter of the hexagonal cell. Actually, the ionic radius of Mg(II) is smaller than that
of Fe(II) [20], which induces a decrease of the a lattice parameter of Mg(II)-Fe(III) LDHs
with respect to Fe(II)-Fe(III) LDHs [21]. However, the c lattice parameter is nonetheless
higher with Mg(II) [21]. This illustrates how the cationic composition of the hydroxide
layer influences the electrostatic interactions that bind together the hydroxide sheets and
the interlayers and ensures the stability of the crystal structure [21]. This crucial point is
further discussed in Section 4.

The second XRD pattern, shown in Figure 8, was obtained with the same aged M4s
precipitate. However, the wet paste obtained after filtration was dried in air and the solid
phase was analyzed as a dry powder 10 days later. The result of the drying is a change in the
structure of the Mg(II)-Fe(III) SO4-LDH. This new compound can be considered as a second
form of SO4-LDH and will be called in the following the Mg(II)-Fe(III) hydroxysulfate-b. Its
new structure seems similar to that of GR(Cl−) and iowaite and was then indexed similarly.
The main peak of the Mg(II)-Fe(III) hydroxysulfate-b is then the 003 peak. Actually, this
second type of SO4-LDH was already reported [19]. Honessite, a Ni(II)-Fe(III) SO4-LDH,
for example, is characterized by a distance between two consecutive planes of metal cations
of 8.7 Å [19].

The main diffraction peak of the Mg(II)-Fe(III) hydroxysulfate-b obtained here is
located at a position 2θ = 11.74◦. This corresponds to a c/3 distance of 8.75 Å, very similar
to that of honessite. The transformation from one type of structure to the other, associated
with the drying of the solid phase, is due to the release of water molecules initially present
in the interlayers [22].
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Figure 8. XRD pattern of precipitate M4s ([FeII] = 0 and [Cl−] = 0) after 1 week of ageing at RT,
filtration, and drying in air (10 days). HSb = Mg(II)-Fe(III) hydroxysulfate-b (see text) with the
corresponding Miller index.

4. Discussion

In the considered experimental conditions, SO4
2− and Cl− were the only anions avail-

able for the formation of LDH compounds. Consequently, the only Fe(II)-Fe(III) mixed
valence compounds that could possibly form were GR(SO4

2−), GR(Cl−), and Fe3O4. The
traces of GR(CO3

2−) detected in each case are due to CO2 and/or chemical impurities
and the formation of this phase will not be further discussed. These experimental con-
ditions were chosen so that in the absence of Mg(II) cations, the Fe(II)-Fe(III) SO4-LDH,
i.e., GR(SO4

2−), was obtained, only accompanied by traces of the Fe(II)-Fe(III) Cl-LDH,
i.e., GR(Cl−). The aim was to reproduce the first stage of the corrosion process of carbon
steel in seawater, which leads to GR(SO4

2−) [1,2], via a precipitation reaction involving
dissolved Fe(II) and Fe(III) species, OH- ions, and the main anionic species of seawater, i.e.,
Cl− and SO4

2−.
The first and more important effect of Mg(II) cations is to favor the formation of a

Cl-LDH at the detriment of the SO4-LDH obtained with Fe(II) and Fe(III). This is clearly
illustrated by the increase of the proportion of GR(Cl−) with the increase of the [MgII]/[FeII]
substitution ratio and the formation of iowaite, the Mg(II)-Fe(III) Cl-LDH, when [FeII] = 0.

A Mg(II)-Fe(III) SO4-LDH could be obtained when Cl− ions were removed from
the system. However, the solid phase identified in an aqueous suspension, structurally
similar to GR(SO4

2−), underwent a transformation upon drying, which led to a SO4-LDH
structurally closer to GR(Cl−).

The main difference between the two GR structures is the organization of the inter-
layers, that involve two planes of anions and water molecules in GR(SO4

2−) [23] and only
one plane in GR(Cl−) [17] (and in GR(CO3

2−), as well). Figure 9 displays a schematic
representation of these structures. GR(Cl−) and GR(SO4

2−) were initially called GR-1 and
GR-2 [24] and a similar terminology can be retained to distinguish the structure of GR(Cl−)
and GR(CO3

2−) from that of GR(SO4
2−). It must be noted that for the GR-1 rhombohedral

R3m structure of GR(Cl−) [17], the stacking sequence is AcB i BaC i CbA i, where A, B, C
are planes of OH− ions, a, b, c planes of Fe atoms, and i corresponds to the interlayers. In
the case of the P3m1 trigonal structure of GR(SO4

2−) [23], i.e., GR-2, the stacking sequence
is AcB i AcB.
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Figure 9. Schematic representations of the GR-1 and GR-2 structures, drawn according to the crystal structures of GR(Cl−)
given in [17] and GR(SO4

2−) given in [23].

The results obtained here show that Mg(II) cations favor the GR-1 structure. From a
fundamental point of view, the cohesion of a LDH structure is due to (i) the water molecules
of the interlayers that interact with the adjacent hydroxide layers and the intercalated
anions via hydrogen bonds and (ii) the intercalated anions that interact with the hydroxide
layers via electrostatic interactions and hydrogen bonds [21,25]. Changes in the hydroxide
layers necessarily have an influence on the bonds linking these layers and the species
(anions and water molecules) present in the interlayers. They have thus an influence on the
cohesion of the LDH structure. The dependence between the cationic composition of the
hydroxide layer and the structural stability has been studied and modelled in [21]. This
study demonstrated how important the nature of cations for the stability of the crystal
structure was.

The thorough analysis of the diffraction data showed that the c lattice parameter of
GR(SO4

2−) did not vary with the [MgII]/[FeII] substitution ratio. However, the distance
between two planes of metal cations is higher for the Mg(II)-Fe(III) SO4-LDH, with 11.56 Å
vs. 11.16 Å for GR(SO4

2−) (Table 2). In contrast, the diffraction peaks of GR(Cl−) proved
to be influenced by the [MgII]/[FeII] ratio. This suggests that the Mg(II) cations are not
present, or only in a small amount, in the hydroxide layers of GR(SO4

2−). Consequently,
they would be preferentially incorporated in the GR(Cl−) structure or left in the solution.
The small amount of Mg(II) possibly present in the hydroxide layers of GR(SO4

2−) would
explain the decrease of crystal/mean coherent domain size observed with the increasing
Mg(II)/Fe(II) concentration ratio (Table 2).

An interesting first case is the [MgII]/[FeII] ratio of 1/3. With this Mg(II) amount,
only a minor proportion of GR(Cl−) is present after 1 week of ageing, while 25% of Fe(II)
is substituted by Mg(II). According to the initial amounts of reactants, the precipitation
reaction could be written as:

9
2

Fe2+ +
3
2

Mg2+ + 2Fe3+ + 12OH− + SO4
2− + 8H2O → FeII

4FeIII
2(OH)12SO4·8H2O +

1
2

Fe2+ +
3
2

Mg2+ (3)

This writing shows that for this [MgII]/[FeII] ratio, all the Mg2+ ions could be released
into the solution, more likely during the ageing procedure where GR(Cl−) transforms
to GR(SO4

2−). It can then be forwarded that in this first case, the SO4-LDH is close to
GR(SO4

2−) and contains a very small proportion of Mg(II). The GR-2 structure is obtained
since Mg(II) cations are preferentially found in the solution and in the small amount of the
remaining GR(Cl−) (or more exactly Cl-LDH).

In contrast, for the higher [MgII]/[FeII] ratios of 1 and 3, an important amount of Mg(II)
is necessarily incorporated in the solid phase, which implies that the GR-1 structure is
favored leading to the predominance of the Cl-LDH similar to GR(Cl−). Both GR(Cl−) and
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iowaite are characterized by a (Fe,Mg)(II) to Fe(III) cation ratio of 3:1 [14,16], which implies
that all divalent cations should be incorporated into the solid phase in the considered
experimental conditions. For instance, for the highest [MgII]/[FeII] ratio considered here,
the precipitation reaction of the Cl-LDH can be written, neglecting the small amount of
GR(SO4

2−) that forms, as:
3
2

Fe2+ +
9
2

Mg2+ + 2Fe3+ + 16OH− + 2Cl− + 4H2O → FeII
1.5MgII

4.5FeIII
2(OH)16Cl2·4H2O (4)

However, Mg(II) cations also promoted the formation of magnetite. Looking to
reaction (4), it is seen that in the considered experimental conditions, which correspond
to a (Fe,Mg)(II) to Fe(III) cation ratio of 3:1, the precipitation of a Cl-LDH having the
same (Fe,Mg)(II) to Fe(III) cation ratio of 3:1 does not leave any divalent cations in the
solution. In a previous study [11], it was demonstrated that in this case, the ageing of
the suspension led to the formation of magnetite. Moreover, it must be noted that the
experimental conditions considered here correspond to an [OH] to [FeII+MgII+FeIII] ratio
of 3 to 2. Reaction (4) requires an [OH] to [FeII+MgII+FeIII] ratio of 4 to 2. Consequently,
both divalent and trivalent cations are in excess with respect to the OH− ions available. It
can then be forwarded that the excess Fe(II) and Fe(III) cations react with water molecules
to form a small proportion of magnetite, according to the following reaction:

Fe2+ + 2Fe3+ + 4H2O → FeIIFeIII
2 O4 + 8H+ (5)

The present findings can be connected with more applied aspects of marine corrosion
and cathodic protection of steel structures. Actually, the concentration of Mg2+ in seawater
is important, about 0.053 mol/kg [10]. Therefore, the smallest [MgII]/[FeII] ratio of 1/3 con-
sidered here would correspond to a Fe2+ concentration of 0.16 mol/kg in the bulk seawater,
which is rather high. However, GR(SO4

2−) is the main GR compound identified in the
corrosion product layers formed on steel immersed in seawater [1,2,5–7]. At the vicinity of
the steel/seawater interface, where the Fe2+ cations are produced, the [MgII]/[FeII] ratio is
necessarily lower than in the bulk seawater and it can be forwarded that the formation of
GR(SO4

2−) only takes place close to the steel surface.
Our results also explain more clearly why an anodic polarization favors the formation

of GR(SO4
2−) with respect to any other Fe(II,III) mixed valence compounds [1,7]. An anodic

polarization decreases the interfacial [MgII]/[FeII] ratio and thus prevents the influence of
Mg2+ cations.

In contrast, pyroaurite, the Mg(II)-Fe(III) CO3-LDH was observed on a steel surface
under cathodic protection [9]. In this case, due to the low dissolution rate of iron, the
[MgII]/[FeII] ratio is necessarily higher, even at the steel/seawater interface. The increase
of the interfacial pH associated with the cathodic polarization tends to favor GR(CO3

2−)
with respect to GR(SO4

2−) [8] even if Mg2+ cations are not present. However, the formation
of the Mg(II)-Fe(III) LDH rather than the Fe(II,III) LDH confirms that Mg(II) cations can
favor the formation of LDH phases characterized by the GR1-structure, i.e., Cl-LDH and
CO3-LDH.

5. Conclusions

• For [MgII]/[FeII] ratios higher than 1, the influence of Mg(II) is strong and induces
the formation of GR(Cl−) and magnetite. In the absence of Fe(II), the Mg(II)-Fe(III)
Cl-LDH, i.e., iowaite, is the only solid phase obtained.

• The influence of Mg2+ cations on the formation of the sulfated GR is not significant
up to a [MgII]/[FeII] ratio of 1/3, where only a slight increase of the proportion of
GR(Cl−) is observed. In the absence of Mg(II), only GR(SO4

2−) is obtained, with only
traces of GR(Cl−), in agreement with the previous work [11].

• It is forwarded that the presence of Mg2+ cations in the hydroxide layers of the LDH
structure of GR compounds favors the Cl- and CO3-GR-1 structure, thus hindering
the formation of the SO4-GR-2 structure.
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Abstract: Electrodeposited zinc and zinc-alloy coatings have been extensively used in a wide variety
of applications such as transport, automotive, marine, and aerospace owing to their good corrosion
resistance and the potential to be economically competitive. As a consequence, these coatings have
become the industry choice for many applications to protect carbon and low alloy steels against
degradation upon their exposure in different corrosive environments such as industrial, marine,
coastal, etc. Significant works on the electrodeposition of Zn, Zn-alloys and their composites from
conventional chloride, sulfate, aqueous and non-aqueous electrolyte media have been progressed
over the past decade. This paper provides a review covering the corrosion performance of the elec-
trodeposited Zn, Zn-alloy and composite with different coating properties that have been developed
over the past decade employing low-toxic aqueous and halide-free non-aqueous electrolyte media.
The influence of additives, nano-particle addition to the electrolyte media on the morphology, texture
in relation to the corrosion performance of coatings with additional functionalities are reviewed in
detail. In addition, the review covers the recent developments along with cost considerations and the
future scope of Zn and Zn-alloy coatings.

Keywords: corrosion; marine; composites; electrodeposition; superhydrophobic coatings; zinc and
zinc-alloys; electroplating; aerospace

1. Introduction

Steels are commonly used as structural materials in diverse fields (construction, ma-
rine, aerospace, automotive, mining) [1] as they possess interesting engineering properties
such as (i) high tensile strength, (ii) melting point, (iii) hardness [2,3]. Among them, mild
steel is one of the most widely used materials in various industrial applications such as
automotive [4], oil and gas [5], marine (ship hull, naval architecture) [6], owing to its
compatible functions and properties with diversified industrial functions. The formation
of rust is one of the most widely recognized case of the corrosion, commonly observed
with ferrous steel materials such as carbon steel, and can be visualized as a salt of the
original metal with different phases (oxides, oxy-hydroxides) in reddish-brown color. The
formation of rust scale affects the functional engineering properties of structures, materials
besides appearance, strength and liquid, gas permeability (through pores), indicative of
material deterioration by corrosion process [7].

Corrosion mitigation is an indispensable challenge, particularly in aggressive envi-
ronments such as seawater, underground mining, aerospace, automotive to biomedical
implants, etc. The annual global cost of corrosion is estimated to be around 2.5 trillion USD,
which is ~3.4% of the world’s gross domestic product (GDP) [8,9]. Corrosion protection
of carbon steel and other low alloy steels has been a topic of interest for many years and
are continuously being studied with more emphasis on identifying a suitable alternative
to the conventional toxic cadmium coatings [10]. One of the recommended solutions to
combat corrosion is to employ a metallic protective coating that can improve the corrosion
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resistance of ferrous steel materials such as mild steel/carbon steel, low alloy steels, etc. [11].
These coatings protect the metal structures by acting either as a physical barrier or as a
sacrificial coating [12]. Adherence of coating to the substrate surface and their internal
strains are two key parameters that needs to be optimized in order to overcome in-service
mechanical stresses such as vibration, friction, etc. [13]. An ideal coating should have
higher corrosion resistance and pose minimal environmental threat. Proper selection of
metal and its alloys as preferred coating material can be considered as a mitigation tech-
nique to combat severe corrosion. In order to choose an ideal metallic protective coating, it
is important to consider the intended application and the exposure environment [11].

Considering the intended application and economics, zinc (Zn) is the most commonly
used metal that is identified for corrosion protection due to its highly sacrificial nature with
electrochemical potential less than that of the ferrous metals such as mild steel/carbon
steel [14,15]. Zn is widely used to coat mild steel to prevent corrosion by at least 50%.
Additionally, it is the fourth most common metal in use with annual production just below
that of iron, aluminum and copper [16]. Moreover, Zn and the corrosion products of Zn
are not as toxic as cadmium and are found to be most suitable for corrosion resistant
coatings applications. Figure 1 lists the various applications in which zinc and its alloys are
employed as protective coatings (either as composite or metallic layers) along with their
primary requirements. Overall, zinc and zinc-alloy protective coatings cover a wide range
of applications ranging from structural steelwork for buildings, offshore platforms and
bridges with flat structures to nuts, bolts, sheet, wire, tubes.

Automotive
•fasteners,fluid delivery pipes, car body assembly, seat belt connectors
•good adhesion, corrosion resistance, lubircation, coefficient of friction, scratch

resistance

Aerospace
•hang glider airframes, fasteners, bolts, structural components (mild steel, aluminium)
•high mechanical and thermal resistance, anti-icing, corrosion resistance, super

hydrophobicity

Building and 
construction 

•steel sheet roofs, cladding
•corrosion resistance, mechanical resistance

Marine
•ship hull, subsea pipelines, offshore platforms, submarines
•weather resistance, corrosion resistance (chemical, microbial), anti-bacterial, super

hydrophobicity, anti-icing, anti fouling

Oil and gas
•carbon steel pipelines, drilling rigs
•corrosion resistance, anti scaling, super hydrophobicity with self-cleaning, self-

repairing, anti-icing, good stability

Window frame and door 
manufacturing

•garage doors, window frames, cover plates of locks, the external casing of handles,
corner transmission (functional part in door handle), keypad case (for remote
opening of doors)

•weather resistance, corrosion resistance, aesthetical quality

Miscellaneous •Supermarket trolleys, cable trays carrying electrical cables
•Anti-fouling, corrosion resistance (chemical, microbial)

Figure 1. Figure shows the applications of zinc and its alloys along with their functional requirements in various
industry sectors.

One of the key benefits in employing a Zn/Zn–alloy coating to protect the metal sur-
faces is that it offers a cathodic corrosion protection layer which dissolves and significantly
delays the time until the substrate material can be attacked by the corrosive environ-
ment [17,18]. Generally, corrosion performance of Zn/Zn–alloy coatings are studied under
different climatic conditions, regions depending on the nature of corrosivity and test condi-
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tions as per different standards. The primary objective of performing corrosion studies is
to evaluate the coating durability when exposed to a certain corrosive environment.

When corrosion studies related to the Zn-coated structural materials are performed
during their exposure to different corrosive environments, one can expect an initial mass
increase. This initial mass increase can be generally ascribed to the corrosion products that
are formed on the coating surface as a result of Zn corrosion followed by a decrease in mass
indicating the corrosion products separation from coating surface [19]. Such a transition
during the initial period of studies (between 1 to 3 years) are reported to be uneven and can
occur either sooner or later depending on the presence of certain aggressive constituents
(such as carbon dioxide, chloride, sulphates, nitrates), and their relative concentrations.
Considering such a scenario, conducting long-term corrosion studies of Zn/Zn–alloy
protective coatings under atmospheric conditions deserve significant attention [20] as they
provide information on the corrosion products, processes and their formation mechanisms
on the coated surface. Studies covering the atmospheric corrosion of zinc in both short and
medium term have been published by different groups [21]. A consolidated review on the
corrosion performance of the electrodeposited Zn, Zn–alloy coatings performed in different
environments such as urban, rural, sea (natural, synthetic), microbial corrosion has been not
covered so far. The number of articles that have been published on the zinc-based coatings
for different applications in the past 10 years range from 1200–1700 every year (based on
the data from scopus), signifying the importance of the field. This review will cover the
progress on the recent developments in Zn, Zn–alloy, composite coatings, electrodeposited
on different commonly used industrial substrates and their corrosion performance along
with future challenges and economics.

2. Corrosion Performance of Zinc and Zinc–Alloy Coatings

2.1. Zn Coatings

Zinc coatings offer flexibility in fabrication and good affordability owing to their sacri-
ficial property [22]. As a consequence, these coatings were fabricated by different methods
to protect the bare metallic structures against deterioration and degradation upon their
exposure in different corrosive environments. Among the different techniques, electrode-
position is simple, economic and versatile in producing uniform, adherent coatings with
variable thickness at processing temperatures <100 ◦C. On the contrary, other techniques
such as hot dip galvanization, ion vapor deposition techniques require high processing
temperatures and expensive equipment to produce Zn coatings, and are relatively ex-
pensive in electrodeposition besides achieving uniformity in coatings. For instance, the
cost to produce a 35-micron thick hot dip galvanized coating is $1.76 /ft2 in contrast to
$0.1/ft2 [23,24] for the electrodeposited Zn coatings, signifying the techno-economic benefit
of electrodeposition. When Zn coatings are exposed to aggressive environments such as
coastal, marine which contain rich amounts of chlorides, sulfates, etc., their corrosion
resistance is significantly influenced. The factors that influence the corrosion resistance
of the zinc coatings obtained via electrodeposition method include: (i) applied current
density, (ii) deposition temperature, (iii) electrolyte pH, (iv) mode of current deposition,
(v) additives (grain refiners, brightening agents). For instance, Zhang et al. [25] showed
that increasing the applied current density to an optimum value during the electrode-
position of zinc increased the nucleation density, cathodic current efficiency and most
importantly, improved the grain refinement of the Zn. Grain refinement favors the nucle-
ation while controlling the growth, resulting in a compact deposit. Such features delay
the corrosion by reducing the contact area between the corrosive environment and the
coating surface [25,26]. The same study has shown a deposit deterioration when the Zn
deposition is performed beyond the optimum. Deposition temperature might play a role
in (i) controlling the average size of the crystallite, (ii) energy consumption during the
process, (iii) current efficiency. Tuaweri et al. [27] reported an increase in current efficiency
when employing the acidic sulphate-based electrolyte while achieving a relatively low
energy consumption (per unit mass of the deposit) by controlling the temperature between
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40–45 ◦C. Increasing the temperature influenced the rate of deposition and crystal size
reduction of the Zn deposit owing to their high cathodic reduction and increased nucleation
density while controlling their growth. Increasing the pH of the electrolyte dictates the
conductivity which significantly influences the hydrogen ion concentration at the cathode
in addition to the electrodeposition of Zn. While lowering the pH favors the conductiv-
ity increase and facilitate good deposition, it acidifies the solution below a certain pH.
Acidification of the electrolyte solution elevates the hydrogen ion concentration of the
cathode and as a result, hydrogen evolution reaction dominates the Zn deposition, thereby
affecting the overall deposition process and the corrosion resistance of the Zn deposit.
As a consequence, significant works were carried out with different types of deposition
media with different pH such as acid chloride [28], acid sulphate [29], mixed bath (chloride
and sulphate, sulfate–gluconate) [30,31], alkaline zincate baths [32] and acetate baths [33].
Amongst them, acid sulphate was demonstrated to perform better in terms of plating,
non-toxic nature and wide operating current density ranges [34].

Many recent studies reported that the modes of deposition, direct current (DC), pulse
mode (PC), pulsed cycle reversal mode (PCR), influence the structure and indeed, the
corrosion resistance of the Zn deposits. Results from [35–37] showed that deposition
of Zn via pulse mode resulted in more compact thinner deposits with (i) less porosity,
(ii) better corrosion resistance than the direct current mode, with PCR being predominant.
The key advantage with the PCR mode of deposition is that it facilitates the formation of
Zn deposits with nano-grains and contributes to better hardness and corrosion resistance
than the Zn deposited by other modes of deposition. Wasekar et al. [35] demonstrated
this approach by depositing Zn employing different deposition techniques, DC, PC, PCR,
and correlated this with the formation of corrosion products on Zn surface. The authors
observed that different corrosion products were formed when Zn was deposited using
different deposition modes. A compact ZnO was reported to be formed from the corrosion
of Zn deposited from PCR. On the contrary, corrosion of the Zn deposited from the other
two modes (DC, PC) was shown to form zinc hydroxy-chloride, a highly porous corrosion
product. Obtaining Zn deposits with grains in the nanometer range via the PCR mode
of deposition was demonstrated to be the key in achieving better corrosion protection
properties with high hardness. Such a morphology might facilitate the formation of ZnO
film easily via the controlled diffusion mechanism occurring through the grain boundaries.

A different approach that has been identified to improve the corrosion resistance of Zn
deposits is the introduction of additives in the electrolyte. Additives can be organic or inor-
ganic and they greatly influence the corrosion resistance of Zn deposits by modifying their
structural characteristics, such as (i) surface composition, morphology (microstructure),
(ii) grain size, (iii) crystal orientation, texture via controlling the reduction of metal
ions [38–40]. They usually get adsorbed to the substrate that is being deposited via the
non-bonding electron pairs present in nitrogen, Sulphur, oxygen, hydrophilic groups and
(i) enhance the rate of nucleation while controlling the grain growth, (ii) aid the formation
of fine, compact, refined deposit. One of the key advantages in obtaining a compact deposit
via employing additives is the formation of crystallographic planes with closed packed
structure. This contributes to the overall improvement in corrosion resistance of the Zn
deposit [41,42]. For instance, Mouanga et al. [43] demonstrated an increase in the intensity
of Zn crystal plane (1 1 2) with the addition of urea as an additive in a chloride-based
zinc electrolyte. The study focused on the influence of 3 additives: (i) urea, (ii) thiourea,
(iii) guanidine (which has same molecular structure but different electron pairing groups:
oxygen, Sulphur and nitrogen), and studied the corrosion behavior in relation to the
structural characteristics of the deposit. The study concluded that corrosion test results
(performed by polarization, weight loss) showed an increase in the corrosion resistance for
the Zn deposited in the presence of urea. This was attributed to the presence of oxygen
in the molecular structure of urea to function as an effective additive. Though it has been
demonstrated that the radical with more free electrons interacted more effectively with the
metal substrate in controlling the morphology of the final deposit, the molecular weight of
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the additive influences its adsorption capability. Ballesteros et al. [44] observed that the
molecular weight of an oxygen group containing radical poly-ethylene glycol (PEG) had a
significant influence on the final quality of the Zn deposit. When PEG with a molecular
weight in the order of <104 was introduced into the Zn deposition bath, the results showed
a greater adsorption of Zn(II) ions with the substrate than the ones containing the higher
molecular weight PEG (>104). Issues were shown to occur on the addition of PEG with
molecular weights >104, which decreased the number of oxygen pair electrons that can
form an effective bond with the additive and affected the adsorption characteristics of
the Zn(II) ions. The influence of additives towards improving the corrosion resistance
properties of the deposits could be correlated with their ability to increase nucleation rate
while retarding growth. Employing an additive may result in a higher cathodic overpo-
tential than the non-additive containing electrolytes. High cathodic overpotential tends
to increase the formation of new nuclei, increasing its nucleation rate, utilizing the free
energy, thereby inhibiting the growth of Zn [45]. In general, the contribution from adding
an additive (mostly organic) towards improvement in the corrosion resistance property of
electrodeposited Zn coatings can be related to either of the following or their combination:

• texture
• composition
• morphology
• grain size

Electrodeposited Zn is composed of Zn with a hexagonal closed packed (hcp) structure
with different crystallographic orientations representing different planes: basal, pyramidal,
prismatic. These planes differ in terms of their packing density and significantly influence
the corrosion rate. Zn crystals possessing low-index basal plane texture such as (0 0 1) pos-
sess high packing density and were reported to be significantly corrosion resistant relative
to other orientations and different planes [46]. Based on the published literature, it was
identified that promoting the presence of (0 0 2) basal plane via the additives contributed
to the corrosion resistance property more effectively than the other crystal planes. For
instance, Chandrasekar et al. [37] obtained a more compact Zn deposit with (0 0 2) as the
dominant facet by employing polyvinyl alcohol (PVA) as the additive, and demonstrated a
significant increase in the corrosion resistance. In this context, it is important to consider
the influence of surface roughness over the crystal plane texture. Lowering the surface
roughness results in a deposit with fine grain size which lowers the corrosion rate by
providing a lower contact area between the deposit surface and the corrosive environment,
indicating the predominant influence of grain refining over the crystal orientation/texture.
Grain refining achieved via the addition of additives will produce a coating that accelerate
the formation of ZnO passive films via the diffusional mechanism and elevate the corrosion
resistance. Table 1 lists the most commonly used organic additives that are employed dur-
ing the Zn deposition in different deposition media along with their functional role. These
additives were demonstrated to be contributing towards the enhancement of corrosion
protection by imparting additional functionalities to the deposit.

Besides many functions, additives such as thiourea [43] can also influence the com-
positional change in the Zn deposit with fine grains when added to the electrolyte. De-
spite its attractive grain refining property, such an addition incorporates sulfur in the
deposit which made the neighboring regions anodic and decreased the corrosion resistance.
Almeida et al. [47] performed a detailed investigation by studying the influence of glycerol
on the corrosion resistance of the electrodeposited zinc obtained via the galvanostatic mode.
Glycerol exhibit similar characteristics to urea, coumarin wherein the oxygen atoms double
bonded with carbon act as radicals (free unpaired electrons) and favor the adsorption of
the organic additive in the Zn deposit. Physical characterization revealed that addition
of glycerol played the role of a grain refiner but decreased the intensity of (0 0 2) basal
planes similar to the observations made by Chandrasekar et al. [37] and Nayana et al. [48]
when the combinations of piperonal +PVA [37], cetyltrimethyl ammonium bromide (CTAB)
+ veratraldehyde (VV), formic acid (FA) + cyclohexylamine (CHA) [45] are employed as

119



Corros. Mater. Degrad. 2021, 2

additives. However, the electrochemical test results showed that these coatings possessed
the best corrosion resistance. The authors ascribed this to the predominance of grain size
over the texture by demonstrating the results from microhardness, surface measurements.
An increase in compactness due to the grain refining was shown to exhibit better corrosion
resistance despite the decrease in (0 0 2) basal plane.

Table 1. Table listing the additives that have been employed to improve the corrosion resistance property and impart
addition functional properties to the Zn deposit.

System Substrate Additive Functional Role 1 References

Alkaline zincate mild steel Poly vinyl alcohol (PVA) Texture [37]

Alkaline zincate mild steel (PVA) + piperonal grain refiner [37]

Acidic sulphate steel sheet Gelatin grain refiner,
lowering the surface roughness [49]

Acidic sulphate steel sheet polyethylene glycol (PEG) grain refiner, lowering the surface
roughness [49]

Acidic sulphate steel sheet Saccharin grain refiner, lowering the surface
roughness [49]

Acidic sulphate steel sheet tetrabutylammonium
chloride

grain refiner, lowering the surface
roughness [49]

Acidic sulphate steel sheet sodium lauryl sulfate grain refiner, lowering the surface
roughness [49]

Acidic sulphate mild steel
cetyltrimethyl ammonium

bromide (CTAB) + ethyl
vanillin

grain refiner [50]

Acidic chloride carbon steel Sodium benzoate grain refiner [51]

Alkaline zincate carbon steel trisodium nitrilotriacetic
(NTA) complexing agent [52]

Acidic sulphate mild steel (CTAB) + veratraldehyde
(VV)

grain refiner, texture,
morphology [48]

Acidic sulphate glassy carbon [3-(2-furyl) acrolein] grain refiner [29]

Acidic sulphate mild steel PEG grain refiner,
texture [31]

Acidic sulphate mild steel CTAB grain refiner,
texture [31]

Acidic sulphate mild steel Thiourea grain refiner,
texture [31]

Acidic sulphate +
gluconate mild steel PEG grain refiner,

texture [31]

Acidic sulphate +
gluconate mild steel CTAB grain refiner,

texture [31]

Acidic sulphate +
gluconate mild steel Thiourea grain refiner,

texture [31]

Acidic sulphate mild steel Polyacrylamide grain refiner [36]

Acidic chloride mild steel (PEG) and syringaldehyde
(SGA)

grain refiner,
texture

[28]

Acidic chloride carbon steel
Formic acid (FA) +
cyclohexylamine

(CHA)
Texture [45]

1 Functional roles are listed based on the conclusions reported by the references mentioned in the table.
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2.2. Zn-Alloy Coatings

Though zinc coatings have proven to be acting as a sacrificial layer to protect the
ferrous substrates from corrosion, they readily undergo rapid corrosion within a short
period of time which significantly impact the overall performance and durable life of the
coatings over the period of time depending on its interaction with the type of environment.
To enhance the corrosion performance in a harsh environment such as marine, Zn is alloyed
with iron group metals, namely cobalt (Co), nickel (Ni), iron (Fe), introduced during the
last three decades, with an intention to impart additional functional properties and match
the industry market requirements [4,18,53]. Few of these include hardness, uniformity, de-
formability, weldability, paintability, corrosion and wear resistance. With the ever changing
demands from automotive, aerospace, fastener, building and frame and marine industry,
active research in the field is being pursued [54]. An exhaustive research has been con-
ducted for many years to explore the possibility of replacing the toxic cadmium coatings
with similar corrosion resistant zinc–nickel alloy coatings [10,55–58]. It was demonstrated
that Zn–Ni alloys with Ni content of 12 to 15 wt.% possessed excellent corrosion resistance
properties with longer corrosion protection life, reduced corrosion rate while retaining the
primary sacrificial anodic behavior. Numerous studies were conducted to support the fact
that incorporating Ni in the Zn–Ni alloys enhances the corrosion resistance of the overall
coatings [53,59–61]. Besides, studies with varying Ni contents concluded that Zn–Ni alloys
tend to become nobler with increasing Ni content and tend to lose their sacrificial property
(with respect to steel) when the deposit contains above 30 wt.% Ni. Such Zn–Ni coatings
transit from active to passive owing to their increasing nobler character, show cathodic
behavior and favor the corrosion of bare ferrous steel substrates. Incorporation of Ni could
slow down the dissolution rate of Zn when present in the range of 12 to 15 wt.%, retarding
the dissolution of zinc and delaying the corrosion of bare ferrous steel substrate. Zn–Ni
coatings with 12–15 wt.% Ni are known as “γ”-phase coatings and exhibit the best corro-
sion resistance [62]. Despite their excellent corrosion resistance, Zn–Ni alloy coatings lack
two properties: (i) phosphatability and (ii) paintability, rendering them weak in coating
applications. As a consequence, zinc–iron (Zn–Fe) alloys were introduced and studied ex-
tensively on the deposition from chloride, sulfate (with moderate pH) alkaline baths [54,63]
and extended to Zn–Co coatings. While electrodeposited Zn–X (X: Ni, Co, Fe, Mn) have
gained significant attention, development of Zn–Mn alloys with Mn contents varying from
10 to 40 wt.% paced up rapidly. Alloying Zn with Mn (10 to 40 wt.%) could facilitate the
formation of an insoluble passive barrier layer, which enhances the protective ability of
the coatings, and impart better corrosion properties [64]. However, Zn–Ni alloy coatings
are reported to be corrosion resistant amongst the other alloy coatings such as Zn–Fe,
Zn–Co, Zn–Mn in a marine environment, with good mechanical properties, and considered
as a potential alternative to toxic Cd coatings [65]. As the industry interest is shifting
towards the development of lightweight materials, automotive industries shed some light
on the development of Zn–Mn electrodeposits on base substrates such as aluminum (Al),
magnesium (Mg). As the potentials of electrodeposited Zn–Mn alloys are in close proximity
with reactive substrates: Al, Mg, they tend to serve more actively as a sacrificial anode and
justify their ability to protect the surface from corrosion. Zn–Mn coatings offer excellent
steel corrosion protection due to their good synergy, passive corrosion product layer, that
are formed in corrosive environments [66] despite the fact that Mn is a thermodynamically
less noble character than Zn. The synergistic effects can be attributed to the protective
ability of Zn–Mn alloy deposits combined with the insoluble passive corrosion product
layer. Obtaining Zn–Mn alloys by electrodeposition needs complexation because zinc and
manganese have reversible potentials different by more than 0.4 V [67]. This motivated
the scientific community to study Zn–Mn alloy electrodeposition, and previous results
have shown that the coatings with increased Mn content offer salient benefits such as: (i)
passive layer formation comprising oxides of Mn and Zn salts, (ii) monophasic structure.
The formation of a compact, insoluble passive layer will not only control the anodic disso-
lution [68], but also favor the inhibition of dissolved oxygen reduction at the cathode [69].
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Zn–Mn alloys with monophasic structure are reported to hinder the local corrosion cell
formation that generally originates in dual phase structure, indicative of better corrosion
resistance in the former [37]. Fashu et al. [70] demonstrated that crystal size influences the
behavior of Zn–Mn alloy deposits during corrosion, with a smaller size showing the best
results. Claudel et al. [71] demonstrated that Zn-Mn alloys with Mn contents up to 30 wt.%
could be achieved on steel substrates by pulse plating with a faradaic efficiency up to 90%
in contrast to 65% efficiency by direct current. Additionally, the deposits obtained were
pore-free and homogeneous when pulse plating was employed. Obtaining a small crystal
size with high Mn content is difficult to achieve, as increasing the Mn content could aid the
increase in crystal size of the monophasic Zn–Mn alloys and affect its corrosion resistance.
Bucko et al. [72] observed such a phenomenon while depositing Zn–Mn alloys and con-
cluded that incorporation of a high amount of Mn in the Zn–Mn alloy and monophasic
structure are not the only conditions that enhance corrosion resistance. There are certain
factors that affect the corrosion behavior of Zn–alloy coatings. Deposition temperature is a
parameter which influences the metal–alloy electrodeposition process, and has the capabil-
ity to tailor the corrosion resistance, structural characteristics (micro/nano), mechanical
properties and alloy composition of Zn–alloy coatings. Beheshti et al. [73] conducted an
experimental study on the effect of deposition temperature in relation to the structural
properties, phase composition and corrosion behavior of Zn–Ni alloy electrodeposits on
API 5L X52 low carbon steel using an aqueous chloride bath. The deposition temperature
was varied from 25–70 ◦C and the corrosion behavioral study was conducted via electro-
chemical characterization techniques: linear polarization resistance, immersion method
using 3.5 wt.% NaCl solution, analyzed in relation to the surface morphology. The study
demonstrated that the Zn–Ni alloy electrodeposited via chronopotentiometric (constant
current) method at 25 ◦C exhibited a compact and dense morphology with good uniformity,
less crack and highest corrosion resistance. Additionally, Ni content was reported to be
within the range of 12 to 15 wt.%. Increasing the temperature beyond 25 ◦C resulted in
an increase in Ni content, decreased the uniformity, compactness of the deposits and the
corrosion resistance. This was attributed to the formation of more cracks in the Zn–Ni
coatings with increasing temperature due to the internal stress resulting from hydrogen
embrittlement, indicative of predominant hydrogen evolution reaction. Hydrogen evo-
lution reaction is a cathodic reaction commonly observed in aqueous electrolyte media
which competes with the electrochemical reduction reaction between Zn/Ni, facilitates
the hydrogen to diffuse inside the coatings, resulting in a brittle deposit inducing crack.
Additionally, deposition of Zn–Ni at higher temperatures shall increase the Ni content
in the alloy, making the deposit nobler than the ferrous steel substrate. Zn–Ni deposits
shall then lose their sacrificial ability, thereby accelerating the corrosion of the underly-
ing less noble ferrous steel substrate. Therefore, optimizing the deposition temperature
was shown to be an important parameter in improving the properties of Zn–Ni alloys in
aqueous solutions such as (i) corrosion resistance, (ii) mechanical (crack formation control),
(iii) phase composition, (iv) structural (uniformity, compactness).

Alloying Zn with cobalt (Co) in low contents (<3 wt.%) are considered a potential
alternative to the conventional Zn–Ni systems owing to their (i) less noble character than
steel, (ii) better corrosion protection properties than Zn coatings [74,75]. In addition,
their possibility to achieve the desirable surface finishing properties such as brightness,
decorative aspects with low Co contents (1–3 wt.%) in contrast to high Ni wt.% (12–18 wt.%)
in Zn-Ni makes it an economically viable candidate to replace the toxic Cd coatings.
Significant works has been reported from past 2–3 decades from different electrolytes
such as (i) acidic-chloride, (ii) alkaline-sulfate, (iii) cyanide, and shown that the deposition
follows an anomalous type similar to Zn–Ni. Among them, Zn–Co with Co content in
the range of 1 wt.% was shown to exhibit superior corrosion resistance and is widely
accepted by the various industry segments (automotive, marine, sanitary) [76,77]. One of
the major hurdles with the current chemistries is the presence of carcinogenic compounds
as cyanides, complexing agents which pose human threats, environmental challenges.
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Replacing the electrolyte with acetate ones has shed some light on these alloy coatings and
is shown to produce Zn–Co alloys with good corrosion protection properties. Selvaraju and
Thangaraj [78] fabricated Zn–Co alloys via direct current electrodeposition on mild steel
substrates and studied the influence of current density in relation to the corrosion resistance
of the Zn–Co coating. It was demonstrated that Zn–Co deposited at 4 A dm−2 exhibited
(i) better coverage with good throwing power, (ii) hardness with high corrosion resistance
and (iii) reduced corrosion rate. The authors attributed the enhancement in corrosion
resistance to the texture, morphology obtained with the acetate-based electrolyte and
demonstrated its techno-commercial capability to replace the currently used electrolytes.

2.3. Zn and Zn–Alloy Composite Coatings

To enhance the strength, durability of zinc-based coatings for their application in harsh
conditions, metal nanoparticles with better chemical stability than the matrix are often
incorporated. These additions promote the development of microstructures with a uniform
lower number of surface defects, facilitate the formation of stable passivation film with good
adherence and resist further corrosion attack. Such coatings are referred to as composite
coatings. Unlike alloys, composites are made from two or more different materials, which
are physically distinct from each other by certain boundary/interface and contain 2 phases:
(i) a continuous matrix phase, (ii) an insoluble reinforcement phase, bonded in such a way
as to form a solid material. Alloys are obtained through a combination of two or more
materials (metallic, non-metallic) which form a homogeneous solid solution at a certain
temperature. Composites are reinforced materials that are tailored to either enhance the
existing properties of a coating or impart additional functional properties that might be
required for a specific application. Studies of composite coatings are shown to possess
improved corrosion, mechanical properties than the traditional metallic coatings [79,80].
Therefore incorporating the metal nanoparticles into the metallic coatings broadens their
range of applications and is reported to perform good while minimizing the addition of
hazardous chemical agents (complexing, organic chelating) with elimination of chrome
passivation. This could reduce (i) the environmental impact, (ii) economics, and as a result,
these composite coatings are encouraged to substitute for the cyanide-based aqueous
Zn/Zn–alloy coatings [81–83]. The development of Zn, Zn–alloy composite coatings by
electrodeposition is motivated by the sacrificial ability of Zn in protecting bare steel against
corrosion, thereby making it attractive to fabricate advanced novel matrix composite
coatings with improved surface properties in oil and gas, marine, automotive, aerospace,
etc. [84,85]. These applications are quite demanding with ever changing market dynamics,
and hence, the Zn-based composite coatings technology attracts significant interest.

Zn-composites have been demonstrated as technically competitive in comparison
to the Zn coatings in harsh corrosive environments such as marine, coastal, their overall
corrosion protection life is mitigated by the early formation of their corrosion products [80].
It is important to optimize the conditions to obtain a composite coating with improved
particle dispersion and microstructure as the quality of the composite based deposit is
dependent on the deposition conditions besides particle loading, concentration and the
way of particle incorporation [86–88]. Tuaweri et al. [88] studied the influence of applied
current density, deposition time, particle concentration, agitation in relation to the current
efficiency, deposit characteristics of Zn–SiO2 composite coatings. The results showed that
Zn–SiO2 composite coatings displayed a higher cathode current efficiency at low current
densities, SiO2 concentration of 26 g L−1 under an agitated condition. With a further
increase in time, Zn dendrites were shown to face certain struggle in building up through
the dense SiO2 layer, indicative of predominant dense SiO2 as the top layer. Tuaweri and
Ohgai [88–90] investigated the effect of time, current density on the composite growth,
thickness and studied in relation to the increase in weight, thickness, microstructural
characteristic of the Zn-SiO2 deposit. It was shown that the composite thickness and its
growth was not significantly affected on varying the current density. Though the coating
became thicker with deposition time, cracks were reported to be growing with time. Such
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a composite is prone to rapid corrosion owing to the rapid transport of corrosive species
through the cracks formed at the surface. In order to achieve good composite coatings
with enhanced properties, it is necessary to optimize not only the deposition conditions
but also control the particle dispersion and distribution. Incorporation of particles (metal
oxides, ceramics, borides, nitrides, carbides, etc.) into the matrix might tend to impede the
grain growth, structural characteristics which subsequently shall result in the formation of
small-sized crystals containing the microstructures [91–93].

By dispersing them in the Zn matrix, the defect prone regions of the composite
coatings such as pores, gaps, microholes, crevices, etc., which represent the corrosion
active defective sites, get covered up and form a compact layer, acting like a physical
barrier in separating the corrosive species from the metal matrix [92,94]. Praveen et al. [95],
Punith et al. [96] and Rekha et al. [97] reported on the corrosion performance of Zn
composites containing nano-sized carbon particles. The test results conducted employing
3.5 wt.% NaCl electrolyte solution as the corrosive media showed that the Zn metal
dissolution in the matrix took place at a steady rate in comparison to the Zn metal coatings
and at higher anodic potentials. Zirconia (ZrO2) is reported to exhibit high hardness
and thermal stability with excellent wear resistance and a similar coefficient of thermal
expansion to that of iron [98]. Considering the advantages of ZrO2, Vathsala et al. [91] and
Setiawan et al. [99] studied the influence on the corrosion resistance of Zn by incorporating
ZrO2 nanoparticles in the Zn metal matrix. The results demonstrated that incorporating
ZrO2 (i) influenced the kinetics of the electrode reactions, (ii) favored the formation of a
stable passivation layer, (iii) enhanced the corrosion protection of the composite coatings.
To improve the coatings’ corrosion performance, it is necessary to optimize and establish
the particle loading/incorporation. For instance, Malatji et al. [100] demonstrated that
addition of Al2O3, SiO2 to the Zn metal matrix beyond an optimum concentration of
5 g L−1, resulted in the formation of agglomerates, decreasing the corrosion performance
of the composite coatings significantly. Incorporating the agglomerates in the metal matrix
could promote the initiation of surface defect sites, chemical heterogeneities in the final
composite coatings that will directly (or indirectly) contribute to the overall corrosion
degradation performance.

There are significant works reported on the Zn-alloy composite coatings: composite
coatings prepared from Zn–Co [101,102], Zn–Ni [63,80], Zn–Fe [103] were identified to
be excellent candidates for corrosion protection. Among them, Zn–Ni composite coat-
ings attracted predominant interest owing to the chemical stability of Ni and mechan-
ical properties [63]. Zn–Ni composite coatings incorporated with metal oxides (Al2O3,
SiO2, TiO2, ZrO2) and carbides (SiC) were formulated to enhance (i) corrosion resistance,
(ii) good adhesion, (iii) hardness, (iv) wear resistance, (v) crack free surface [81,85]. For
instance, incorporating Al2O3 in the Zn–Ni matrix with uniform distribution was shown to
(i) minimize surface defects, (ii) achieve smaller crystallites, (iii) improve the grain growth,
compactness in the final deposit [104]. It was also demonstrated that incorporating the
metal oxide particles along with its size, influenced the crystallite size of the deposited
Zn–Ni composite. Besides, the addition of second phase metal oxide particles shall also
influence the Ni content in the electrodeposited Zn–Ni composite. Works from [104,105]
demonstrated the addition of metal oxide particles: Al2O3, SiO2 influenced the Ni content
which increased up to 12.3 wt.% with a significant decrease in Zn up to 87.7 wt.% in the final
Zn-Ni composite. Furthermore, inclusion of metal oxide particles into the Zn-Ni matrix
shall influence the morphological features of the resultant composite coating. [106] reported
on the morphological transitions of the Zn–Ni composite coating from spherical nodular
like to cauliflower type morphology when Al2O3 was added into the matrix. Corrosion
test results from [107] showed that the addition of Al2O3 particles in the concentration
range of 5 g L−1 to the deposition electrolyte solution yielded a deposit which displayed
(i) reduced corrosion currents, (ii) increased polarization resistance. These results in com-
bination with the data obtained by [83,108] conclude in the fact that the Al2O3 imparts a
corrosion inhibiting effect on the corrosion of the composite matrix owing to low electronic
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conductivity, thereby perturbing the corrosion current when present. Similarly, the Zn–Ni
composite matrix consisting of SiO2 nano-sized particles was reported to be possessing
excellent corrosion resistance when tested in 3 wt.% NaCl solution [100,105]. Table 2 shows
the list of Zn and Zn-alloy composites that showed significant progressive developments
in the past 10 years and have been focused upon in the recent reviews [109].

Table 2. Table listing the Zn and Zn–alloy composites that have been developed in the past 10 years.

Zn/Zn-X Second Phase Substrate System
Mode of

Deposition
ECorr, V (SCE)

iCorr,
μA cm−2 References

Zn CeO2 mild steel chloride
direct current −1.127 3.56

[110]
pulse current −1.147 0.69

Zn TiO2.5 steel sulfate
direct current −1.052 2.7

[111]
pulse current −1.118 15.1

Zn SiO2 mild steel chloride galvanostatic −1.127 ~1 [100]

Zn Al2O3 mild steel chloride galvanostatic −1.282 ~1 [100]

Zn ZrO2 mild steel sulfate direct current −1.034 4.45 [91]

Zn SiC mild steel sulfate direct current −1.100 2.090 [112]

Zn graphene oxide mild steel sulfate direct current −1.131 4.1 [113]

Zn–Ni TiO2 steel citrate galvanostatic −0.90 176 [82]

Zn–Ni Fe2O3 mild steel sulfate direct current −1.1991 0.682 [114]

Zn–Ni CeO2 mild steel chloride reverse pulse current −0.78 28 [115]

Zn–Fe graphene mild steel sulfate direct current −1.087 19.20 [103]

Zn–Co CNTs mild steel sulfate direct current −0.901 0.156 [102]

Considering the significant advances in the utilization of TiO2 for development
of Zn–Ni–TiO2 composites to achieve better corrosion resistant, mechanical properties,
Anwar et al. [82] studied the corrosion behavior analysis of the Zn–Ni–TiO2 composite
deposited via galvanostatic mode on mild steel substrates. Deposition was performed from
citrate-based baths containing nano-sized TiO2 as these baths are identified to be stable
in nature and comparison was made with chloride (non-citrate)-based bath. The authors
observed that the Zn–Ni–TiO2 deposits from citrate-based electrolyte yielded the following:
(i) formation of compact coatings, (ii) small sized crystals, (iii) uniform texture, (iv) reduced
hydrogen evolution, (v) good corrosion resistance. In addition, they revealed the corrosion
products that are formed on the γ-phase Zn–Ni composites upon exposure to seawater
environment when conducted in laboratory. Their study demonstrated that ZnO (zincite),
Zn(OH)2 (Wulfingite), Zn5(CO3)2(OH)6(hydrozincite), Zn5(OH)8Cl2 (simonkolleite) are
the predominant products that are formed due to the corrosion which is aligned with the
data proposed by Leygraf et al. [21]. Figure 2 shows the sequence of corrosion products
that are formed on the Zn–Ni–TiO2 composite surface upon exposure to corrosive media
over a period of time recorded up to 72 h. It was shown that the immersion time had
significantly influenced the composition of the corrosion products with simokolleite being
the predominant. Though the initial corrosion resistance was shown to be lower, there
was a significant increase in corrosion resistance on increasing the exposure time beyond
24 h owing to the formation of the robust, compact corrosion product layers (hydrozincite,
simonkolleite). The authors observed the conversion of simonkolleite back to hydrozincite,
and attributed this to the unstable nature of hydrozincite and demonstrated its conversion
back to simonkolleite, which is represented as a reversible loop between hydrozincite and
simonkolleite in Figure 2.
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Figure 2. Figure depicting the schematic sequence of corrosion products that are formed on the surface of Zn-Ni-TiO2, as
reported in [82].

3. Recent Developments

3.1. Zn and Zn–Alloy Deposition in Ionic Liquids

Though there are significant works on the deposition of Zn and Zn-alloys on vari-
ous substrates from aqueous solutions, there are certain challenging issues that remain
to be critically solved. All the zinc alloys with an alloying metal from the iron group
(nickel, iron, cobalt) are obtained under so called anomalous codeposition; that is, with
preferential deposition of the less noble zinc. One of the possible reasons for the anoma-
lous codeposition is the formation of zinc hydroxide followed by its adsorption on the
surface during the hydrogen evolution reaction. This will hinder the reduction of respec-
tive alloying metal ions (Ni2+) and control the overall alloy (Zn-Ni) composition as the
high surface activity of zinc ions facilitates the easy replacement, inhibition of Ni ions
and its nucleation, growth in the case of Zn–Ni alloy deposition. This combined with
the hydrogen evolution affected the quality of the deposit drastically in terms of (i) vi-
sual appearance, (ii) crack formation, (iii) adhesion, (iv) brittleness, (v) throwing power,
(vi) structural properties, (vii) corrosion resistance behavior. Besides, the optimization of
the deposition parameters (current density, temperature, mode of deposition, bath agita-
tion), electrolyte conditions (pH, concentration), additives are added either as complexing
agents or levelers or brighteners or their combination which favor the anomalous deposi-
tion, formation of passivation layers (resulting due to corrosion). These shall circumvent
the brittleness of the deposit by controlling the hydrogen embrittlement due to the evo-
lution reaction and reduce the crack formation, thereby delaying the corrosion. Though
there are significant research works carried out on the structural-property relation of the
Zn–alloys, scientific understanding of the structural features (morphology, crystal size and
orientation, alloy composition) in relation to their corrosion behavior has not been fully
established. For instance, it is known that the rate of Ni deposition in the Zn–Ni alloy is
hindered by the formation of zinc hydroxide. From the studies of [60,116], it was shown
that the pH value measured near to the cathode surface doesn’t form zinc hydroxide, indi-
cating that the hindrance in the electroreduction of Ni ions did not occur via the hydroxide
formation mechanism. The combination of Zn deposition and monolayer formation during
the underpotential deposition and high overpotential of Ni resulted in anomalous Zn–Ni
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deposition with controlled inhibition of the Ni ions’ nucleation and growth process. Due to
the ever-growing demand across a range of engineering and structural market applications,
in deposition of Zn and Zn–alloys in non-aqueous electrolyte media, (i) ionic liquids and
(ii) deep eutectic solvents were identified as an alternative technical competitive approach.
Ionic liquids (ILs) are composed of single organic cation and an inorganic/organic anion
while deep eutectic solvents (DESs) contain a combination of cations, anions. These media
exhibit similar physical properties but differ in terms of synthesis, chemical properties.
By employing ILs, it is possible to (i) eliminate the hydrogen gas liberation, (ii) tailor
the redox properties, (iii) achieve the desired physical, chemical properties, (iv) control
nucleation characteristics [117–121]. Their large electrochemical windows in combination
with their good physico-chemical properties, thermal stabilities, low vapor pressures make
them versatile for electrodeposition of Zn and Zn-alloys, enhance the coatings’ corrosion
resistance performance [122]. ILs offer an ideal alternative for the electrodeposition of Zn
and its alloys such as Zn–Ni, Zn–Fe, Zn–Co, Zn–Mn in two ways. First is the hydroxide
suppression mechanism that is responsible for the formation of anomalous deposits can be
eliminated, and second is the elimination of hydrogen liberation owing to the absence of
water in the non-aqueous bath [123]. The motivation for using ILs in Zn-alloy deposition
such as Zn–Mn is due to (i) solution instability in aqueous media, (ii) low current efficiency,
(iii) poor deposit morphology. Poor quality deposits and low current efficiencies arise
in the case of Zn–Mn alloy coatings because these require higher negative potentials to
reduce Mn, which results in drastic hydrogen gas liberation at the cathode [124]. One
key benefit in using ILs is their ability to tune redox potentials via the metal speciation
and promote better co-deposition of metal alloys: Zn–X (X: Ni, Co, Fe, Mn) without the
need for a complexing agent, unlike aqueous electrolytes [125–128]. Since Zn and Mn
co-deposits have a large difference in their redox potentials, employing an IL with a high
electrochemical window shall favor the metals’ co-deposition owing to their better tailoring
properties. Table 3 shows the corrosion parameters obtained from the electrochemical
characterization of the Zn and Zn–alloys deposited from ionic liquids.
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Table 3. Table showing the corrosion parameters for the deposition of Zn and Zn-X alloys (X = Ni, Mn etc.) in ionic
liquids (ILs).

System Coating Substrate
Mode of

Deposition
Corrosion

Test Method
ECorr, V

(vs Pt/SCE)
ICorr,

μA cm−2 References

ChCl–Urea

Zn Carbon steel Potentiostatic LPP −0.289 1 0.68 [129]

Zn–Mn
(0.4–0.7) 3 Copper Potentiostatic LPP, EIS −1.021 1 1.075

[70]

Zn–Mn
(0.4–1.0) 3 Copper Potentiostatic LPP, EIS −1.054 1 0.917

Zn–Mn
(0.4–1.4) 3 Copper Potentiostatic LPP, EIS −1.098 1 1.175

Zn–Mn
(0.4–0.7) 3 Copper Potentiostatic LPP, EIS −1.062 1 0.989

Zn–Mn
(0.4–1.0) 3 Copper Potentiostatic LPP, EIS −1.079 1 0.875

Zn–Mn
(0.4–1.4) 3 Copper Potentiostatic LPP, EIS −1.109 1 1.251

ChCl–Urea
(1 wt.% H2O) Zn–Ni Carbon steel Potentiostatic LPP −0.414 1 0.82

[129]

ChCl–Urea
(3 wt.% H2O) Zn–Ni Carbon steel Potentiostatic LPP −0.478 1 1.3

ChCl–Urea
(5 wt.% H2O) Zn–Ni Carbon steel Potentiostatic LPP −0.801 1 2.1

ChCl–Urea (7
wt.% H2O) Zn–Ni Carbon steel Potentiostatic LPP −0.931 1 5.6

ChCl –EG Zn Mild steel
(AISI 304) Potentiostatic LPP, EIS −1.040 1 6.57 [130]

[EMIm][Tf2N]-

Zn[Tf2N]

Zn–Mn DP-1000 steel Potentiostatic LPP −1.016 1 0.0119 [131]

Zn–Mn DP-1000 steel Potentiostatic LPP −0.776 1 0.0112 [131]

ChCl–Urea Zn WE43-T6 Mg
alloy galvanostatic LPP −1.420 1 38.68 [132]

ChCl–Urea Zn–Mn (1–1) 4 Steel galvanostatic LPP 1.110 1.06 [128]

ChCl–Urea Zn–Mn (1–1) 4 Steel galvanostatic LPP 1.040 3.2 [128]

ChCl–Urea Zn–Mn (1–1) 4 Steel galvanostatic LPP 1.045 3.6 [128]

ChCl–Urea Zn–Mn (1–3) 4 Steel galvanostatic LPP 1.130 0.90 [128]

ChCl–Urea Zn–Mn (1–3) 4 Steel galvanostatic LPP 1.040 0.82 [128]

ChCl–Urea Zn–Mn (1–3) 4 Steel galvanostatic LPP 1.046 5.3 [128]

ChCl –EG Zn Copper galvanostatic LPP −1.197 2 7.987 [133]

NaOAc: EG2 Zn Mild steel galvanostatic LPP −1.066 2 1.01 [134]
1 Linear potentiodynamic polarization (LPP) conducted in 0.1 M NaNO3 (or) 3 wt % NaCl solution; EIS: Electrochemical impedance
spectroscopy. 2 NaOAc: EG–Sodium Acetate: Ethylene Glycol. 3 Zn–Mn(0.4–X) indicate 0.4 M of ZnCl2 + X M MnCl2·4H2O in the
electrolyte solution containing choline chloride: Urea in the molar ratio 1:2. X: 0.7–1.4 [70]. 4 Zn–Mn(1–Y) indicate 0.1 M of ZnCl2 + Y M
MnCl2·4H2O in the electrolyte solution containing choline chloride: Urea in the molar ratio 1:2. Y: 0.1; 0.3 [128].

3.2. Superhydrophobic Zn and Zn–Alloy Coatings

In recent times, superhydrophobic coatings are considered a beneficial approach for
corrosion protection of metallic structures for a variety of applications such as aerospace,
marine, oil and gas and so on. Superhydrophobic surfaces are usually formed with a
combination of low surface energy materials and rough microstructures. To create su-
perhydrophobic surfaces to resist against corrosion, it is important to create rough mi-
crostructures [135,136]. On one hand, the rough microstructure surfaces trap the air within
them when they are in contact with water, acting like an additional barrier and retard the
corrosion rate on aircraft and ship surfaces. On the other hand, they exhibit self-cleaning,
anti-fouling, anti-icing/de-icing properties which enable them to be suitable potential
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candidates for protecting pipelines and other surfaces that are exposed to the marine envi-
ronment besides corrosion [137]. Low surface energy substances (generally organic-based)
are often added directly to the electrolyte solutions to achieve superhydrophobic coatings.
With the addition of low surface energy materials to the electrolyte solution containing
the metal ions, they tend to react with the functional groups of these substances during
electrodeposition and form a coating with low surface energy and high-water angle on the
cathode surface. The key advantage of such an addition is that superhydrophobicity can be
obtained without the need for any surface modification after electrodeposition [138]. The
high-water contact angle will directly influence the reaction between the corrosive species
and the bare metallic substrates (generally mild steel) and prolong the life of the coatings
by lessening their reaction time. On increasing surface hydrophobicity, it is possible to
limit the metals’ interaction with corrosive species, such as water and other ions such as
Cl−, SO4

2−, CO2, etc., and reduce the corrosion rate of the coatings deposited. For organic
anticorrosive coatings, incorporating a superhydrophobicity property would impede the
diffusive mass transport of water molecules and enhance the coating’s protectiveness
against corrosion of underlying metallic structures for longer periods [139]. In cases such
as oil and gas, these coatings seem to be an economical solution to control the corrosion
and fouling in pipelines for transporting oil and gas related products such as natural gas
liquid products and liquid propane via subsea, and also, they have a high tendency to be
used over different substrates [140].

Considering the likelihood of obtaining several surface morphologies with varied
roughness and different microstructures, electrochemical deposition is considered to be the
most versatile in terms of simplicity, scalability and cost effectiveness. Table 4 lists the Zn
coatings prepared by electrodeposition that exhibit superhydrophobic properties. The most
widely preferred mode to obtain a metallic coating is via the electrochemical deposition
at the cathode. It is also possible to achieve coatings with superhydrophobic, corrosion
resistance properties by anodic electrodeposition. For instance, Wang et al. [141] performed
anodic electrodeposition and obtained a superhydrophobic coating on metallic zinc anode
surfaces from the solution containing zinc tetradecanoate with platinum as the cathode. A
corrosion resistant superhydrophobic Zn layer was formed on the zinc anode substrate
by one-step potentiostatic deposition at 30 V for 2 h and room temperature. The authors
demonstrated the possibility of obtaining the superhydrophobic coatings by oxidizing the
Zn to Zn2+ initially, which resulted in the formation of a superhydrophobic Zn deposit
film by combining with tetradeconate on the anode surface. Corrosion test results of the
superhydrophobic Zn coatings showed an enhancement in corrosion protection of the
substrate. The behavior of the air medium that is trapped between the pockets of the
superhydrophobic surface was shown to be similar in the action of a dielectric film in
a parallel plate type pure capacitor. Such a configuration would improve the corrosion
resistance life of the substrate through circumventing the metallic pathway between the
substrate and the electrolyte.
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Table 4. Table showing the list of Zn coatings with superhydrophobic properties prepared by
electrodeposition.

Coating Substrate System/Bath
Surface Energy
Reducer Agent

CA◦ Reference

Zn steel chloride vulcanized silicone
polymer 155 ± 1 [142]

Zn X65 steel sulphate stearic acid 158.4 ± 1.5 [143]

Zn X90 steel sulphate perfluoro
octanoic acid 154.21 [144]

Zn carbon steel Sulfate-
acetate stearic acid 153 [145]

Zn carbon steel alkaline stearic acid 158.7 [146]

Zn copper DES 1 stearic acid 164.8 ± 0.6 [147]
1 DES: Deep eutectic solvent consisting of chloine chloride:ethylene glycol (1:2).

In a study by Wang et al. [148], the zinc-laurylamine superhydrophobic complex film
with corrosion resistant properties was obtained on a zinc substrate via the same anodic
electrodeposition route. The corrosion resistance of the deposited film was investigated
in a simulated marine environment. The results showed that the superhydrophobic film
coating was corrosion resistant with a protection efficiency of ≥99% [149]. Obtaining
structures similar to Micropogonias Undulatus scales on the coatings via electrodeposition
could result in micro patterns with superhydrophobicity. Such micro patterns exhibit
the similar skin surface topographical features that are observed with marine creatures
(sharks and fish) [150]. Considering the advantages with electrodeposition in obtaining
structures on various geometries from simple to complex, it can be assumed that such
a pattern is achievable. Inclusion of micropatterns similar to the topographical features
of marine creatures (e.g., Micropogonias Undulatus-like scales) is expected to boost the
physical properties and contribute to the enhancement in the corrosion resistance of the
mild steels [151]. A number of scientists and researchers have leveraged the benefits of
zinc coatings fabricated by electrodeposition in improving the corrosion resistance [11].
Li et al. [144] fabricated a crater-like Zn structure on an X90 steel pipe surface with super-
hydrophobic coating via 2 steps: (i) galvanostatic electrodeposition in sulfate electrolyte
followed by (ii) chemical modification using perfluorooctanoic acid (PFOA). Contact an-
gle measurement data showed a stable value of ~150 ◦C even after exposure to air for
80 days and the superhydrophobic coatings demonstrated good quality with self-cleaning
properties and air stability. In addition, these coatings were shown to play a dual role
acting as self-cleaning coatings on the one hand and exhibiting cathodic protection on
the other hand, thereby enabling a double protection to the bare metal substrate. Impart-
ing superhydrophobic properties to Zn coatings shall overcome the limitations of short
corrosion life that are commonly observed with conventional Zn coatings under high
humid conditions such as coastal and marine environments. Such a surface can resist the
formation of a moisture film owing to its small tilt angle or high-water contact angle, which
makes it difficult to hold the water molecules. Polyakov et al. [145] aimed at investigating
the possibility of forming superhydrophobic Zn coatings and estimating their corrosion
protection ability under salt spray chamber conditions, using 0.5 M NaCl test solution.
Attempts were made by modifying the electrochemical pretreatment of carbon steel sur-
face prior to deposition followed by 2-stage treatment in obtaining the Zn coatings with
superhydrophobic properties. The 2-stage treatment involved the potentiostatic deposition
of Zn dendrites from sulfate–acetate-based electrolytic solution followed by treatment
with stearic acid (hydrophibising/surface energy reducing agent). The results showed
that employing such an electrochemical pretreatment will play a vital role in preserving
the superhydrophobic properties of the obtained coatings as the pretreated surface via
galvanostatic method provides a polymodal surface with adequate roughness for creating
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an anti-wetting surface. Additionally, corrosion test results from salt spray, 0.5 M NaCl
confirmed that the coatings can withstand severe corrosion owing to the formation of a
gas interlayer on the superhydrophobic coating surface which acted like an insulator or
dielectric film, thereby preventing the Zn dissolution. This was justified by evaluating
the average value of the wetting angle for the superhydrophobic coated with Zn/Stearic
acid that was shown to be ≥151◦ after 148 h of exposure in the salt spray chamber. The
authors also identified that ultrasonication of Zn coatings with stearic acid specimens had
a positive influence on improving the superhydrophobic properties, preserving it for a
long duration while possessing excellent corrosion resistance.

Subsequently, research has shifted towards the deposition of Zn, Zn–alloys with ferro-
magnetic iron group metals such as Fe, Co from ionic liquids resulting in the formation of
superhydrophobic coatings. For instance, Li et al. [147] utilized the advantages associated
with DESs, a class of ILs, in obtaining nanostructured deposits and synthesized hierarchical
Zn structures via two-step electrodeposition from choline chloride: ethylene glycol-based
DESs on copper-based substrates. It was observed and shown that the Zn structural coating
was mainly composed of a combination of micro-slices containing pure, uniform, dense
nano-concaves of Zn and zinc–stearate. Designing a superhydrophobic coating with micro-
and nano-structural combinations was demonstrated to be highly adherent to the substrate
and a promising potential solution. While nano-concaves generate van der Waals’ forces
and strong negative pressure, micro-slices control the surface wettability and the degree of
super hydrophobicity. Development of such a unique structure shall not only endow the
Zn-based coatings with high surface roughness but also with low surface energy and can
be employed for applications such as self-cleaning, anti-icing and so on. Chu et al. [152]
demonstrated the formation of Zn–Co alloy coating with superhydrophobic properties on
AM60B magnesium alloy via electrodeposition from choline chloride-based ionic liquid
and subsequent surface modification employing stearic acid as the surface energy reducer.
The coating so obtained displayed improved corrosion resistance behavior and immersion
test results. Additionally, the superhydrophobic coating exhibited high stability in aqueous
solution and could maintain the rough surface textures even after mechanical destruction,
indicative of mechanical scratch resistance. Development of superhydrophobic surfaces
on lightweight metal alloy substrates such as Al, Mg provide a water-repellent surface
and prevent the permeation of water into the substrate, thereby enhancing the corrosion
performance of the coatings. Additionally, the scanning electrodeposition technique was de-
veloped recently, where the electrodeposition process takes place by holding the substrate
stationary while the anode nozzle is kept in motion [153]. Such a technique shall overcome
the difficulty associated with the plating complex shaped part such as cargo restraints
(marine), propeller shaft housings (marine), wing flap bearings (aerospace). The unique
structure and surface composition are expected to bestow the resulting Zn-based coatings
on lightweight materials such as Al and Mg with several desirable properties. These in-
clude: (i) high surface roughness, (ii) low surface energy, (iii) reduced water-contact surface,
(iv) flexibility for use in various applications, and they show a great potential in developing
smart materials for corrosion protection of metallic parts in marine, aerospace, oil and gas
subsea lines against chemical, mechanical, biological, physical corrosion causing agents.

4. Cost Considerations and Future Challenges

4.1. Economic Aspects

Electrodeposited Zn and Zn–alloy coatings have been demonstrated as low cost,
scalable solutions to minimize the surface degradation of mild steel parts, structures (of
reasonable size) in the marine environment. Their corrosion protection abilities combined
with additional functionalities gained by incorporation of nanoparticles make them techno-
commercially viable for such applications. While there were potential developments in
the Zn, Zn–alloy coatings and composite coatings over the past decade, it is important
to get an appreciation of the costs that are required for the fabrication of the material
system. Figure 3 shows the cost comparison of the electrodeposited Zn, Zn–alloy and com-

131



Corros. Mater. Degrad. 2021, 2

posite coatings produced by different electrolytes: less toxic citrate, acetate; non aqueous
ILs [33,82,127,134,154], which were selected based on their significant developments over
the past decade, the number of works published by scientific community, and that were
demonstrated to be techno-commercially viable solutions as corrosion resistant coatings.
As can be seen, the Zn, Zn–alloy deposition from ILs seems to be more expensive while the
Zn, Zn–alloy composites deposited from the aqueous system seem to be economical and are
in line with the conventional Zn, Zn-alloy deposits. In addition, certain relatively low-toxic
aqueous electrolytes such as citrate, acetate are less expensive than the sulfate. Hopefully,
these electrolytes could live up to their primary aptitude and offer real, ecofriendly solu-
tions to numerous technical challenges that are currently being faced with the conventional
chloride, sulfate systems. With the rapid advancement in the applications of ILs at a
relatively large scale, it becomes obvious that the bulk production of ILs may increase and
reduce the costs by up to ~1 USD per kg. Additionally, certain advantages such as recycling
large fractions of plating solutions combined with the possibility of bulk scale production
illustrate their economic competitiveness in producing high quality Zn, Zn–alloy deposits
and are expected to make potential savings in costs [155]. With ever-growing composites, it
becomes more important to understand the composite properties, its intended application
and corrosion behavior in a particular service condition. Therefore, judicious selection
of the electrolyte combined with the properties and the costs required must be put into
consideration. Development of Zn and Zn–alloy composites from aqueous media have
been demonstrated not only to be technically competitive but also economically viable
and are expected to overcome the challenges associated with marine applications such as
(i) corrosion resistance, (ii) wear resistance, (iii) frictional drag, (iv) fouling. Minimizing the
costs of the coatings developed while meeting the performance requirements for marine
applications remains of significant interest while their service life remains a great challenge.

Figure 3. Plot showing the cost comparison of different electrolytes that were developed for the deposition of Zn, Zn-alloys
and Zn, Zn-alloy composites considering the initial make up of 1 L solution [33,82,127,134,154]. NaOAc-sodium acetate;
HEAP-2-hydroxyethyl ammonium propionate.

4.2. Future Challenges

Electrodeposition of Zn and its alloys, and composites, have significantly progressed,
employing low toxicity aqueous electrolytes (e.g., citrate, acetate) and ILs over the past
decade. These have shown promising applications with additional properties such as wear
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resistance, superhydrophobicity and hardness in addition to corrosion resistance [63,78,81,119].
However, the globe continues to face challenges that are critical in materials deterioration,
often resulting in failures of components during service. The conflicting choice of a compat-
ible material envisioned for an explicit use and environmental hazards’ control will be one
of the key challenges that remains to be critically addressed by the researchers, scientists,
industrial experts, etc., in the field. One of the cost-effective approaches to protect the metal
parts that are being used in various applications ranging from automotive to marine is by
choosing the right material and method. Electrodeposition of Zn and Zn-alloys have been
demonstrated to fit the requirement owing to the sacrificial property offered by a relatively
cheap Zn metal combined with the simple, cost effective method of fabrication. Electrode-
posited Zn, Zn–alloy coatings combined with incorporation of nano-particles could not
only protect surface degradation of mild steel in the marine environment but also impart
the necessary additional properties such as superhydrophobicity, improved hardness, wear
resistance, fouling resistance of mild steel components. As a consequence, these become
the foundation for surface adhesion and corrosion property enhancement [11].

It is well known that Zn coatings are prone to atmospheric corrosion and result in the
formation of different corrosion products depending on the nature of environment they are
exposed to. The evolution of corrosion products on zinc surfaces when exposed to either
sulfur-dominated or chloride-dominated environments are most commonly observed. Ex-
posure to a sulfur-based environment might result in the formation of zinc hydroxysulfate
(Zn4SO4(OH)6·nH2O) with different amounts of water depending on the moisture it is
exposed to, followed by the formation of Zn4Cl2(OH)4SO4·5H2O. In aerosol dominated en-
vironments such as marine and offshore industries, the presence of high concentrations of
NaCl or other chlorides favors the formation of Simonkolleite Zn5Cl2(OH)8·H2O with Gor-
daite (NaZn4Cl(OH)6SO4·6H2O) as the final product. The sequence of different corrosion
products that are formed due to exposure to sulfur-rich and chloride-rich environment over
the period is represented in the Figure 4 as shown below. In chloride rich environments
such as marine, the aerosols are expected to have a high concentration of NaCl which ini-
tially form Zn5Cl2(OH)8·H2O. These will tend to form gordaite (NaZn4Cl(OH)6SO4·6H2O)
by interacting with sulfate, whose emission comes from the biological activity (microor-
ganisms, sulfate producing bacteria), droplets containing sulphate. This is reported by
many works as the main reason for the frequent detection of gordaite as the final corrosion
product from a chloride rich environment [156,157].

Figure 4. Figure showing the sequence of corrosion products that are formed on the Zn surface exposed to chloride and
sulfate-based environment [21].

Considering the recent changes in the world’s climatic conditions, it has been observed
that the chloride-based environment is predominantly increasing relative to the sulfur-
based environment [21]. Corrosion studies on Zn and Zn–alloy composites showed that
the nanoparticle incorporation tend to lower the corrosion current, signifying a reduction
in the corrosion rate for the coatings. The nanoparticles are thought to be capable of
blocking the penetration path of the corrosive medium through the voids, gaps, crevices
and holes within and on the surface of the coatings, besides incorporating additional
functionalities such as brightness, uniformity, etc. In such cases, the transport of corrosive
species to reach the metal substrate is further delayed, indicating improved corrosion
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resistance. Most of the reports signify the corrosion protection offered by the Zn, Zn–alloy
nanocomposite coatings was improved as compared to pure Zn, Zn–alloy coatings [80,109].
Though there are significant studies that reported on the atmospheric corrosion of Zn,
especially on the development of corrosion products on their surface, such studies on the
electrodeposited Zn, Zn–alloys from aqueous and non-aqueous media (such as ILs) remain
scarce. Hence, it becomes very important to understand not only the chemical speciation
of electrodeposited Zn, Zn–alloys surfaces developed from different electrolyte media such
as aqueous, non-aqueous (ILs) in different environmental settings, but also from potential
Zn–composite surfaces.

Different environments have different chemistries and include a variety of combina-
tion of anions such as Cl−, OH− and others found in marine environment. Understanding
the nature of the zinc corrosion platina layer at different circumstances might require
primary attention. The formation of porous or a compact ZnO layer either at the bottom or
intermediate remains critical for the electrodeposited Zn, Zn-alloy metal structures and
their composites fabricated using the less toxic citrate, acetate baths and ILs used in a
marine environment. Surface methods such as scanning electron microscope (SEM) and
X-ray diffraction (XRD) that are utilized for identification of corrosion products formed
may not be a reliable indicator in determining the relationship between the corrosion
performance of the layer formed and its full structural assembly. A prodigious deal of
work is required in this area to produce a much superior understanding on the (i) for-
mation of layered structures, (ii) conditions under which the various elements interact
on the surface of electrodeposited Zn, Zn–alloys fabricated using the newly developed
electrolytes. Finally, the role of each corrosion product layer towards the formation of
a corrosion barrier needs to be elucidated with electrodeposited Zn, Zn–alloy and their
composite coatings’ surfaces [157]. This shall help to identify the environmental risks,
service life of the coatings and contribute significantly when performing an assessment
study such as life cycle assessment, atmospheric corrosion.

Superhydrophobic Zn coatings are considered as potential corrosion resistant coat-
ings for marine applications and subsea pipelines in oil and gas, and incorporate several
additional functions such as (i) self-healing, (ii) anti fouling, (iii) nominal involvement
from external agents (e.g., UV light). There are limited studies on the Zn-based super-
hydrophobic coatings synthesized by electrodeposition and the corrosion performance
of these coatings has only been evaluated for shorter periods in laboratory. Hence, there
is an imminent necessity to fabricate Zn-based superhydrophobic coatings that maintain
corrosion protection capabilities and other properties such as wear, self-cleaning for a long
period. Long term exposure to severe corrosive conditions would represent the marine
environment where structures, subsea pipelines (e.g., X60, X80, X90 pipelines) and parts
coated with Zn (combined with a polymer) are mostly used. In addition, the development
of Zn superhydrophobic coatings could be extended to protect the industry grade carbon
steel substrates that are generally used for transporting oil, gas through the pipelines. With
respect to the corrosion studies, validation of the indirect lab corrosion measurements
via the electrochemical characterizations, weight loss measurements while considering
the factors that control the electrochemical corrosion rate become critically important.
There is a wide growing interest in the development of Zn, Zn–alloy composites from the
newly developed electrolytes with different surface structures that offer superhydrophobic
properties combined with tribological properties for marine applications [158]. Studies
on the evolution of corrosion products of such surfaces on exposure to simulated marine
environment could provide an understanding of the service life of the coating and help the
engineers, scientists, manufacturers to decide the service life of the ship hull.

5. Conclusions and Outlook

This review covered the developments in the electrodeposition of Zn, Zn–alloys
and their composite coatings produced from different electrolyte media ranging from
low toxicity aqueous citrate to halide free acetate- based ionic liquids. These electrolyte
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media have shown a promising potential to develop coatings with improvement in their
texture, morphology, phases in the case of Zn–alloys which showed good results in terms
of corrosion resistance. Electrodeposited Zn, Zn–alloy composite coatings have been
encouraged by the availability of newer and nanostructured materials such as TiO2, Al2O3,
CeO2, etc., and have seen major progress for potential application in marine, automotive
aerospace, heavy duty engineering and so on.

Some recent works on forthcoming applications such as Zn-superhydrophobic coat-
ings offering improved corrosion resistance with mechanical and tribological properties
have been reviewed. The review also covered the works that have been conducted to inves-
tigate the corrosion behavior of electrodeposited Zn and Zn–alloys in controlled laboratory
environments. Recent developments in the electrodeposition of Zn and Zn–alloys using
ionic liquids and composites with different nano-particle incorporations have been dis-
cussed. Despite the significant developments of the electrodeposition of Zn, Zn–alloys and
Zn-composites using low toxicity aqueous electrolytes, halide free ILs, the evolution and
roles of different corrosion products formed on such deposited surfaces in tropical marine
environments still need a detailed investigation. Corrosion studies of the Zn–coatings
produced by newly developed electrolytes in the tropical marine atmosphere could help the
marine industry understand the challenges associated with the coatings. Understanding
the relation between the tests performed at lab scale combined with the corrosion kinetics
and chloride salt deposition rate remains of critical importance for predicting the corrosion
behavior of the electrodeposited Zn-based coatings. Development of zinc-manganese
(Zn–Mn) alloys have started receiving primary attention for their high corrosion resistance
and formation of denser corrosion products and can be potential alternatives to the Zn–Ni,
Co alloys. However, certain challenges associated with Zn–Mn electroplating such as the
need for complexing agents and their corrosion behavior in real environments still require
detailed investigation. In addition, studies of the formation of layered structures repre-
senting different corrosion products on the progressively developed Zn–alloy composites,
Zn–alloys from ionic liquids and Zn-superhydrophobic coatings will be of greater signifi-
cance. Considering future trends towards the development of superhydrophobic coatings,
the combination of corrosion protection abilities along with mechanical, tribological studies
should also be explored. To conclude, the role of each layer in creating a corrosion barrier
needs to be explicated for the rapid pace of industrialization.
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Abstract: Offshore installations, e.g., offshore wind turbines and pipelines, are exposed to various
mechanical loads due to wind or waves and corrosive loads such as seawater or mist. ZnAl-based
thermal sprayed coatings, often in conjunction with organic coatings, provide sufficient corrosion
protection and are well established for applications in marine environments. In this study, machine
hammer peening (MHP) is applied after twin wire arc spraying to improve corrosion fatigue behavior
through increased hardness, reduced porosity, and roughness compared to as-sprayed coatings.
Mn-alloyed structural steel S355 J2 + C with and without ZnAl4 coating as well as with MHP post-
treated ZnAl4 coating were cyclically loaded in 3.5% NaCl solution. MHP leads to a uniform coating
thickness with lower porosity and roughness. ZnAl4 coating and MHP post-treatment improved
corrosion fatigue behavior in the high cycle fatigue regime with an increase of the stress amplitude,
applied to reach a number of cycles 1.2 × 106, up to 115% compared to sandblasted specimens.
Corrosive attack of the substrate steel was successfully avoided by using the coating systems. Stress-
and microstructure-dependent corrosion fatigue damage mechanisms were evaluated by mechanical
and electrochemical measurement techniques.

Keywords: corrosion fatigue; corrosion; twin wire arc spraying; machine hammer peening; ZnAl4
coating; marine application; corrosion protection

1. Introduction

Offshore wind turbines, pipelines, or bridges are examples of applications in the
marine environment. In addition to requirements such as good weldability and cost-
effectiveness, they must withstand various stresses resulting from superimposed mechani-
cal and corrosive loads. Due to this, a combination of structural steel and corrosive metallic
protective coatings has proved to be the best solution. Since repair costs offshore are
up to 100 times higher than on land, reliable service life of at least 20 years should be
guaranteed [1].

Corrosive protection of metallic coatings is based on various principles. Barrier coatings
separate the substrate steel from the corrosive environment. Therefore, coatings must have
sufficient adhesion to the substrate, adequate strength to resist first damage, and be suitably
ductile to resist cracking [2]. Cathodic protection coatings additionally work as a sacrificial
anode. Substrate material and coating form a galvanic couple with the metallic coating
having a more negative electrode potential. If the coating is damaged and the substrate
steel comes into contact with the corrosive medium, the coating will preferentially degrade.
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In marine applications, it is common to use organic coatings such as paintings as the second
layer above the metallic coatings to improve the corrosion protection because it acts as a
barrier coating [3]. If impressed cathodic protection is also applied, the coating requires a
high electrical resistance [2]. In addition to corrosive stresses, various mechanical stresses
act on structural elements in a marine environment, e.g., due to wind, waves, and tide. In
case of offshore wind turbines, these mechanical stresses result in about 109 load cycles
with an estimated service life of 20 years [4].

ZnAl-based coatings, which provide sufficient cathodic protection, are well established
for applications in marine environments with additional organic coatings [5]. Besides Alu-
minum, other alloying elements such as Manganese or Silicon also improve the corrosion
resistance of pure Zinc coatings [6–8]. Furthermore, the corrosion products of ZnAl coatings
work as a barrier between the corrosive medium and coating or substrate [9].

ZnAl-based coatings can be applied by galvanization or thermal spraying processes.
Due to the electroplating bath used during the galvanization process, the dimensions of
the components to be coated are limited. Brittle Fe–Zn intermetallic phases formed during
galvanization reduce the mechanical performance [9]. For the thermal spraying process,
the dimensions of the parts to be coated are not limited and the heat supplied is lower
than provided during galvanization [10]. The thermal spraying process produces coatings
with higher porosity than galvanic coatings, a lamellar structure, and residual stresses [11].
Residual stresses can be introduced thermally or kinetically, whereas high temperatures
lead to tensile residual stresses that reduce the fatigue strength of components and higher
kinetic energy results in compressive stresses, which are known as beneficial for fatigue
strength [12,13]. Thermal-sprayed ZnAl coatings produced by the twin wire arc spraying
(TWAS) process also exhibit compressive residual stresses due to the effect of kinetic energy,
as the impact of larger and not fully molten particles causes the thermal effect to surpass
the kinetic effect [14].

Mechanical post-treatments of coatings can lead to improvement of the corrosion
resistance by eliminating porosity, densification, and homogenization of the coating struc-
ture [15]. Machine hammer peening (MHP) generally reduces porosity, increases hardness,
and introduces compressive residual stresses in near-surface areas [16,17]. This possibility
of adjusting near-surface properties by MHP was also proven for ZnAl coatings [14,18].

In previous papers [19,20] of this study, the properties of the coating systems de-
pending on the manufacturing process were investigated in detail. The use of argon and
compressed air as atomizing gas in the TWAS process result in a lower oxide content in
the case of compressed air [19]. Nevertheless, the oxides in form of small layers within the
coating lead to cracks after MHP. Basically, Zn and Al rich regions can be distinguished
and in addition oxide layers are formed. Thermally assisted MHP process have reduced
and prevented this cracking by simultaneously increasing the hardness, introducing higher
residual stresses, and reducing the porosity of ZnAl coatings compared to MHP processes
conducted at room temperature [20].

Punchi-Carbera et al. [21] investigated the fatigue and corrosion fatigue resistance
of Ni-based coatings deposited on a high strength steel by high-velocity oxygen fuel
(HVOF). The fatigue life of coated specimens tested in air was lower compared to uncoated
specimens due to the presence of alumina particles on the surface, which act as crack
initiators. Comparative tests in NaCl solution showed an increase in the corrosion fatigue
life of the coated specimens, as the coating served as a corrosion protection layer.

In previous fatigue tests in air of structural steel S355 JRC + C without and with ZnAl
coating and with MHP post-treated ZnAl coating, the ZnAl-coated and MHP post-treated
specimens showed better fatigue strength in the high fatigue regime.

The aim of this study was to improve the corrosion fatigue properties by adjusting
the coating properties. Therefore, mechanical compacting by MHP was performed, which
should induce a reduction of porosity and roughness, as well as an increase of compressive
residual stresses and hardness. Instrumented corrosion fatigue tests were carried out in
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3.5%NaCl solution at various stress amplitudes. Mechanical and electrochemical measuring
techniques were applied to determine the corrosion fatigue damage mechanisms.

2. Materials and Methods

2.1. Materials and Manufacturing

Three specimen conditions I–III of the structural Mn-alloyed steel S355 J2C + C were
investigated. The base material was sandblasted (I) before applying a ZnAl4-coating (II)
and subsequently MHP post-treated (III). The manufacturing process of the conditions I–III
is described in detail below. All tests were performed using specimens with a geometry
according to Figure 1.

Figure 1. Specimen geometry, all dimensions in mm.

2.1.1. Substrate Material

The structural steel S355 J2C + C (1.0579) was sandblasted and used as substrate
material for the coating systems. Tables 1 and 2 show the chemical composition and
material properties of the steel according to the datasheet of the manufacturer.

Table 1. Cast analysis of S355 J2C + C according to the datasheet of the manufacturer.

Element Fe C Si Mn P S Cu Al V

wt.-% Bal. 0.1510 0.2235 1.2646 0.0134 0.0060 0.3131 0.0200 0.0043

Table 2. Physical properties of S355 J2C + C according to the datasheet of the manufacturer.

Tensile Strength
Rm in MPa

Yield Strength
Re in MPa

Elongation at Fracture A5 in%

672 615 12.7

Sandblasting was carried out to ensure sufficient adhesion for the following ZnAl4
coating. Therefore, Alumina oxide powder with EKF 24 (600–850 μm) size fraction, 4 bar
blasting pressure, 100 mm stand-off distance, and 45◦ blasting angle has been used for
manufacturing. An ultrasonic ethanol bath enables the removal of dust residues and the
final cleaning of the sandblasted surfaces.

2.1.2. Twin Wire Arc Spray Process

Twin-wire arc spraying (TWAS) process was carried out using a spray unit Durum
Duraspray 450 (Durum, Germany) to apply ZnAl4 coatings on sandblasted specimens.
Contaminations of the surface were removed using ethanol. The process was exclusively
performed within the rejuvenated specimen area. The chemical composition of the feed-
stock wires made of ZnAl4 is given in Table 3.
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Table 3. Chemical composition of ZnAl4 feedstock wires according to the datasheet of the manufacturer.

Element Zn Al Si Fe Pb Cu Sn

wt.-% Bal. 3.5–4.5 ≤0.030 ≤0.005 ≤0.003 ≤0.002 ≤0.001

The TWAS process was performed with 3.2 m/min wire feed rate, 22 V arc voltage,
and 5 bar atomization gas pressure using atomization gas dry and compressed air. An
industrial robot, ABB IRB 4600, and a rotating unit with the handling parameters 120 mm
stand-off distance between the spray gun and substrate surface, vs = 18,000 mm/min axial
gun velocity, and s = 4 mm meander spacing were used. Coatings were made in 4 gun
overruns in total. The specimens were masked, except of the rejuvenated specimen area
during the spraying process to avoid the coating of unwanted areas.

2.1.3. Machine Hammer Peening Process

Coated specimens were machine hammer-peened using a high-performance turn-mill
center Index G250 (Index-Werke, Esslingen, Germany) with a Pokolm FORGEFix Air MHP
tool using a spherical solid carbide tappet with diameter dp = 16 mm (Figure 2).

Figure 2. Setup of the machine hammer peening (MHP) process using turn-mill center index G250.

The process parameter settings were chosen based on former studies [14,22]. A
compressed air pressure p = 6 bar resulted in a hammering frequency f ≈ 210 Hz with
a stroke set to h = 2.0 mm. A feed speed vf = 2.0 m/min, a maximal indentation depth
ai,max ≈ 0.25 mm, and a line pitch lp = 0.67 mm were used. The process parameter resulted
in an impact density of about pi = 9.4 indents/mm2. Figure 3 shows the gauge length of
sandblasted (I), ZnAl-coated (II), and MHP post-treated (III) specimens.

2.2. Material Characterization and Testing Methods
2.2.1. Macro- and Microstructure Investigations

Surface qualities of specimen conditions I–III were evaluated by roughness mea-
surements and metallographic characterization. Mean roughness depth Rz, arithmetical
mean roughness Ra, mean smoothing depth Rp, thickness, and hardness of the coatings
were characterized before and after the MHP post-treatment. Roughness parameters were
determined using a confocal white light microscope Nanofocus μsurf (Oberhausen, Ger-
many) with a magnification 50× long objective and a robust Gaussian filter with a cutoff
wavelength λc = 0.8 mm. Metallographically prepared cross-sections were used to deter-

146



Corros. Mater. Degrad. 2022, 3

mine substrate grain structure, coating morphology, and coating thickness by means of an
Olympus BX51 optical microscope (Hamburg, Germany). For corrosion fatigue tests, the
diameter of the gauge length was measured using the optical micrometer Keyence TM-040
(Neu-Isenburg, Germany). After each processing step, three measurements were carried
out and the average values were calculated.

   
(a) (b) (c) 

Figure 3. Gauge length of specimen conditions I–III: (a) sandblasted (I), (b) ZnAl-coated (II), (c) MHP
post-treated (III).

2.2.2. Corrosion Fatigue Testing

For corrosion fatigue characterization, constant amplitude tests (CAT) were performed
stress-controlled with a sinusoidal load-time function at a stress ratio R = −1 (fully-reversed
loading). According to previous tests, stress amplitudes in the range of 280 to 360 MPa were
selected. The fatigue stresses were calculated based on the initial diameter of sandblasted
specimens, for all specimen conditions I–III. CAT ended with failure or reaching the limited
number of cycles Nlimit = 2 × 106. The specimens were coated with polyurethane, except a
9 mm wide area in the middle of the gauge length, in order to create a defined test area for
electrochemical measurements during fatigue loading.

A self-designed corrosion cell was used to perform corrosion fatigue tests in 3.5%
NaCl solution, as shown in Figure 4. Continuous exchange and tempering of the corrosion
medium was controlled by a pump and thermostat. Polymer seals were used to enable the
sealing of the cell. As the installation of the extensometer inside the corrosion cell was not
possible, an extensometer with 89 mm gauge length was applied at the specimens shafts
outside the cell. Corrosion behavior and damage mechanisms during corrosion fatigue
tests were evaluated using a three-electrode setup and a potentiostat interface 1000 (Gamry
instruments, Warminster, PA, USA). Thereby, the specimen dealt as the working electrode,
a silver chloride electrode was used as the reference electrode, and a graphite electrode
served as the counter electrode. Before fatigue loading, the specimens were exposed for
30 to 60 min (30 min: sandblasted (I); 60 min: (ZnAl-coated (II), MHP post-treated (III)) to
the medium in order to reach their specific open circuit potential (OCP).

Figure 4. Experimental corrosion fatigue test setup.
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3. Results and Discussion

3.1. Substrate Material and Coating Systems Characterization

The Mn-alloyed structural steel S355 J2C + C has a ferritic-pearlitic microstructure, as
shown in light micrographs, Figure 5a,b. The sample was etched with 5% Nital solution.
White areas are ferritic, dark areas pearlitice. The rough surface and plastic deformations at
the specimen surface are a result of the sandblasting process, Figure 5c,d.

  
(a) (b) 

  
(c) (d) 

Figure 5. Polished cross-section of sandblasted (I) specimen, (a,b) microstructure of the center area,
(c,d) microstructure of the edge area.

Light micrographs of ZnAl-coated (II) and MHP post-treated (III) specimens show an
intact and continuous coating over the whole circumference, Figure 6a,c. A higher number
of pores and a rougher surface can be determined for the ZnAl-coating (II) (Figure 6b)
compared to the MHP post-treated (III) coating (Figure 6d). Furthermore, the adhesion of
the coating to the substrate appears to be improved as a result of MHP process, as the width
of gaps between the substrate and the coating (white arrows) are reduced, Figure 6b,d.

Three values of the coating thickness were determined at three locations for each
specimen condition using light micrographs in order to calculate the average value and
standard deviations; Table 4. The average coating thickness of all measurements differs
by 9.9 μm. The significant value is the standard deviation, which is 13.1 μm higher for
ZnAl-coated (II) specimens. Due to this, mechanical compacting by MHP leads to a more
homogenous and constant coating thickness.

A smoothening of the surface by MHP, which was determined in optical micro-
graphs (Figure 6), can be confirmed by axial roughness line scans for 250 μm width and
6.8 mm length (Figure 7). Two specimens were evaluated for each specimen condition
I–III. Highest roughness values were determined for the sandblasted specimens; Table 4.
The mean values of the arithmetical mean roughness Ra and mean roughness depth Rz
have been reduced by more than 50% for MHP post-treated (III) specimen compared to
the ZnAl-coated (II) specimen.
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(a) (b) 

  
(c) (d) 

Figure 6. Polished cross-section of ZnAl-coated (II) specimen as (a) overview and (b) detail and of
the MHP post-treated (III) specimen as (c) overview and (d) detail.

Table 4. Average coating thickness of all measurements and roughness values in gauge length:
sandblasted (I), ZnAl-coated (II), and machine hammer-peened (III) specimens.

Specimen Surface
Average Coating
Thickness in μm

Mean Roughness Depth
Rz in μm

Arithm. Mean Roughness
Ra in μm

Sandblasted (I) - 93.8 ± 9.8 | 106.0 ± 12.2 14.9 ± 1.68 | 14.2 ± 1.1

ZnAl-coated (II) 224.5 ± 27.1 76.0 ± 6.4 | 79.1 ± 3.8 9.1 ± 0.7 | 9.6 ± 0.8

Machine hammer-peened (III) 214.6 ± 14.0 24.3 ± 2.0 | 26.1 ± 1.8 4.4 ± 0.4 | 4.7 ± 0.2

3.2. Corrosion Fatigue Testing

Corrosion fatigue tests were performed at five and six stress amplitudes, respectively,
with a minimum of nine specimens tested per condition. Figure 8 shows the cyclic deforma-
tion curves for MHP post-treated (III) specimens at three stress amplitudes. As expected,
higher stress amplitudes lead to increasing strain amplitudes and decreasing lifetimes.

OCP decreases at the test beginning because new deformation-induced surface areas
are in contact with the electrolyte. The decrease is more pronounced for higher stress
amplitudes. Minimum OCP values are reached at 104 to 3 × 104 cycles. The following
increase is expected to be a result of corrosion fatigue damage mechanisms within the
substrate steel, which shows a significantly higher OCP than the coatings; Figure 8. After
fatigue crack initiation in the substrate, the OCP increase is more pronounced for ongoing
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fatigue loading, as more deformation- and damage-induced surface areas of the substrate
steel get into contact with the electrolyte. In comparison, OCP of sandblasted (I) specimens
start at a higher level and constantly decreases until failure, as corrosion fatigue damage
mechanisms of the substrate are exclusively relevant; Figure 9.

(a) 

(b) 
Figure 7. Axial roughness line scans for (a) ZnAl-coated (II) and (b) MHP post-treated (III) specimens.

Figure 8. Cyclic deformation curves for corrosion fatigue tests of machine hammer-peened (III)
specimens in 3.5% NaCl solution.
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Figure 9. Corrosion fatigue tests of sandblasted (I) specimens in 3.5% NaCl solution.

A higher deformation rate due to higher stress amplitude also leads to more pro-
nounced OCP changes. Consequently, the correlation of mechanical and electrochemical
measurement techniques is well suitable to describe corrosion fatigue damage mechanisms
of the material S355 J2C + C without and with ZnAl-coating (II) and MHP post-treatment (III).

Based on the change in OCP, the stress-dependent corrosion fatigue damage behavior
can be evaluated in detail; Figure 10. The change in open circuit potential ΔEocp is calculated
based on the specific potential after the exposure time without load and current potential.
Higher stress amplitudes promote damage mechanisms, which can be related to the amount
and width of cracks, leading to failure at lower lifetimes. The more pronounced decrease
for higher stress amplitudes is expected to be a result of plastic deformation, crack initiation,
and propagation within the coating. The following crack propagation within the substrate is
also accelerated by higher stresses, resulting in a rapid OCP increase. The OCP minimum is
reached earlier for higher stresses and is well suitable to indicate the beginning of corrosion
fatigue damage within the substrate.

Figure 10. Change in open circuit potential within corrosion fatigue tests of machine hammer-peened
(III) specimens in 3.5% NaCl solution.
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Figure 11 shows the S-N diagram for specimen conditions sandblasted (I), ZnAl-coated
(II) and machine hammer-peened (III). In the low cycle fatigue (LCF) range, the lifetime is
nearly independent of specimen conditions. Measured numbers of cycles to failure differ
in a small range of 24,000 to 38,000 (360 MPa), and 60,000 to 85,000 (340 MPa).

Figure 11. S-N diagram for specimen conditions: Sand-Blasting (I), ZnAl-Coating (II), and machine
hammer-peened (III).

For decreasing stress amplitude and increasing testing time in a corrosive environment,
the improvement of the corrosion fatigue performance due to ZnAl-coating (II) and MHP
post-treatment (III) is more pronounced. The stress amplitude, applied to reach a number
of cycles to failure Nf = 1.2 × 106 can be increased from 260 to 300 MPa, i.e., +15%, due
to additional ZnAl-coating (II) and MHP post-treatment (III). While specimens II and III
run-out at 280 MPa, specimen I failed at 260 MPa. On comparing the fatigue performance
of ZnAl-coated and MHP post-treated specimens within the investigated loading range, no
significant differences were determined. A further improvement of the performance for
longer test durations and more aggressive media by the MHP process is expected, since the
surface is smooth and the number and size of pores within the coating are decreased.

For evaluation of the test media influence, additional fatigue tests were carried out in
5% NaCl solution with MHP post-treated (III) specimens; Figure 12. This increase in NaCl
content does not lead to significant difference in corrosion fatigue behavior.

After corrosion fatigue testing, sandblasted (I) specimens loaded at 320 MPa show a sig-
nificant corrosive attack within the gauge length and on the fracture surface (Figure 13a,b).
In comparison, the corrosive attack of MHP post-treated (III) specimens, also tested at
320 MPa, is limited to the coating, as white corrosive products of ZnAl had formed
(Figure 13c,d). Due to this, the corrosive attacks on the substrate seem to be successfully
avoided by using the coating as corrosion protection. After 56 h corrosion fatigue testing at
280 MPa without fracture, cracks in the coating and corrosion products of the ZnAl-coating
(II) can be detected for MHP post-treated (III) specimens (Figure 13e). Consequently, the
ZnAl-coating (II) is well suited to act as a sacrificial anode and protect the underlying
substrate from corrosion.
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Figure 12. S-N diagram for 3.5% and 5.0% NaCl solution for specimen condition: Machine hammer-
peened (III).

On the fracture surface of MHP post-treated (III) specimens, which were tested at
300 MPa in 3.5% NaCl solution, the crack initiation can be located at the specimen surface
(Figures 14b,c and 15b). The fatigue fracture area, where the fatigue crack propagates under
lower deformation features and with formation of fatigue striations (Figure 14d), can be
distinguished from the region of sudden failure. The white arrows mark fatigue striations
and a side crack along a fatigue striation. This behavior is characteristic for all specimen
conditions and stress amplitudes (Figure 15a,b). The area of sudden failure is characterized
by a ductile dimple fracture, which is common for structural steels (Figure 15c,d). A distinct
corrosion attack cannot be observed for coated (II) and MHP post-treated (III) specimens.

  
(a) (b) 

  
(c) (d) 

Figure 13. Cont.
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(e) 

Figure 13. Macrographs of specimens after corrosion fatigue testing, (a,b) sandblasted (I) loaded at
320 MPa, (c,d) MHP post-treated (III) loaded at 320 MPa, (e) machine hammer-peened (III) loaded
at 280 MPa.

  
(a) (b) 

  
(c) (d) 

(b) (c) 

(d) 

Figure 14. Fractography of machine hammer-peened (III) specimen loaded at 300 MPa and tested in
3.5% NaCl solution: (a) overview, (b) area of crack initiation with fatigue striations, (c) area of crack
initiation with fatigue striations at higher magnification and (d) area of crack initiation with fatigue
striations at higher magnification.

  
(a) (b) 

(c) 

(b) 

Figure 15. Cont.
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(c) (d) 

(d) 

Figure 15. Fractography of ZnAl-coated (II) specimen tested in 3.5% NaCl solution at 300 MPa and:
(a) overview, (b) area of crack initiation, (c) area of sudden failure and ductile dimple fracture and
(d) area of sudden failure and ductile dimple fracture at higher magnification.

4. Conclusions and Outlook

The combination of twin wire arc spraying (TWAS) and machine hammer peening
(MHP) resulted in coating thicknesses above 200 μm, covering the entire substrate material
S355 J2C + C without cracks vertical to the substrate. MHP improved the roughness of the
ZnAl coatings with a reduction of the arithmetical mean roughness and mean roughness
depth by over 50%. The MHP process also created a more consistent coating thickness
throughout the specimen and less porosity.

Direct correlations of material reactions by means of mechanical and electrochemical
measurement techniques and corrosion fatigue damage mechanisms were determined for
the three conditions: sandblasted (I), ZnAl-coated (II), and MHP post-treated (III). Higher
total strain amplitudes for higher stress amplitudes lead to a more significant change in the
open circuit potential (OCP). As a result of plastic deformation, newly generated surface
gets in contact with the electrolyte and reduces the OCP in case of the coating systems II
and III. Therefore, the initial decrease in OCP of MHP-treated (III) samples is expected to
be related to the change in coating properties due to deformation, microcrack formation,
and crack propagation within the coating. A significant increase of OCP for ZnAl-coated
(II) and MHP post-treated (III) specimens indicated crack propagation, which reached the
substrate steel. Further increase in OCP is a result of more substrate material in contact with
the electrolyte due to crack initiation and propagation. The assumptions will be confirmed
by interrupted corrosion fatigue tests to verify the relationship between cyclic deformation,
fatigue crack mechanisms, and electrochemical measurements.

ZnAl-coated (II) and MHP post-treated (III) coating systems significantly improved
corrosion fatigue behavior at lower stress amplitudes (260 to 320 MPa) compared to sand-
blasted (I) specimens. ZnAl coating (II) and MHP post-treatment (III) can increase the stress
amplitude applied to achieve a defined lifetime compared to sandblasted (I) specimens.
In the low cycle fatigue (LCF) regime, the corrosion fatigue performance of all conditions
was similar, as the corrosive attack was negligible. There is no difference in corrosion
resistance between ZnAl-coated (II) and MHP post-treated (III) specimens, as condition II
already provides sufficient corrosion protection. Consequently, a further improvement of
the corrosion fatigue performance in the high cycle fatigue (HCF) regime is expected for
more severe corrosive loading due to more aggressive media or longer test durations. This
study presents the high potential of the ZnAl-coating and MHP post-treatment, as most
applications in the maritime sector are subjected to HCF loading.

In future studies, fatigue tests in air will be evaluated in combination with potentio-
dynamic polarization measurements of the three conditions in order to separate mechan-
ical and corrosion damage effects. Additional corrosion fatigue tests in more aggressive
medium and under anodic polarization will be used to present further improvement of the
corrosions fatigue performance achieved by MHP processing.
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Abstract: Three different coated steel systems were aged in natural or artificial seawater, in neutral
salt spray (NSS), and using alternate immersion tests in order to evaluate the aggressiveness of
the different ageing conditions. Commercial epoxy coatings were applied onto steel (S355NL), hot-
galvanized steel (HDG), and Zn-Al15 thermal spraying coated steel. The defect-free systems were
immersed in artificial seawater at 35 ◦C for 1085 days and in natural seawater for 1200 days and
were characterized by electrochemical impedance spectroscopy (EIS). Panels with artificial defects
were immersed for 180 days in artificial seawater and, regarding adhesion, were evaluated according
to ISO 16276-2. In parallel, the three coated systems were submitted to cyclic neutral salt spray
(NSS) for 1440 h: defect-free panels were regularly evaluated by EIS, while the degree or corrosion
was measured onto panels with artificial defect. After NSS, defect-free panels were immersed in
artificial seawater at 35 ◦C for further EIS investigations. Finally, alternate immersion tests were
performed for 860 days for the three defect-free coated systems and for 84 days for panels with a
defect. The results showed that, for defect-free panels, immersions in natural or artificial seawater and
NSS did not allowed us to distinguish the three different systems that show excellent anticorrosion
properties. However, during the alternate immersion test, the organic coating system applied onto
HDG presented blisters, showing a greater sensitivity to this test than the two other systems. For
panels with a defect, NSS allowed to age the coatings more rapidly than monotone conditions, and
the coating system applied onto steel presented the highest degree of corrosion. Meanwhile, the
coating systems applied onto HDG and the thermal spray metallic coating showed similar behavior.
During the alternate immersion test, the three coated systems with a defect showed clearly different
behaviors, therefore it was possible to rank the three systems. Finally, it appeared that the alternate
immersion test was the most aggressive condition. It was then proposed that a realistic thermal
cycling and an artificial defect are needed when performing ageing tests of thick marine organic
coating systems in order to properly rank/evaluate the different systems.

Keywords: epoxy marine coatings; accelerated ageing tests; thermal cycling; EIS; corrosion degree

1. Introduction

The sea is a potentially huge source of energy, but the development of Marine Re-
newable Energy (MRE) technologies able to harness that energy is at a relatively early
stage [1]. Part of the problem is that seawater is an aggressive medium, and that metallic
structures are submitted to corrosion. An effective solution to protect against corrosion is
organic coatings [2,3] which can be applied with high thicknesses and/or can be associated
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with cathodic protection [4]. Among them, epoxy-based marine coatings have been widely
applied for the anticorrosion of metallic materials due to their low cost and their efficiency
in aggressive mediums such as seawater [5,6]. However, all organic coating formulations
have to be tested before being applied in order to offer a guarantee in terms of lifetime and
effectiveness [7] because they suffer from degradation from the environment. In the past,
much research has been devoted to evaluating the performance of organic coatings using
natural or artificial tests [2,8–16].

Because anticorrosive coatings for marine environment are usually very robust, accel-
erated ageing tests are needed in order to promote the coating degradation. The physico-
chemical properties of the coatings are monitored during these tests, and many fields in
material chemistry and physics are involved [17]. The coatings are often tested using stan-
dardized methods, such as the salt fog, the climatic chamber, the Q-UV chamber, thermal
cycling, etc., and, in some cases, a combination of these methods is proposed. Many accel-
erated ageing cycles are used in practice to try to find a balance between various tests and
obtain the most natural possible exposition [18]; however, very often, there is not a good
correlation between accelerated ageing tests and degradation in a natural environment [19].
Research is still in progress in order to find reliable protocols and/or techniques to better
understand organic coating degradation [20–29]. However, it is necessary to keep in mind
that the degradation mechanisms have to be the same as the real life conditions [30], and
that only the intensity of the degradation factors (temperature, humidity, UV radiation,
mechanical stresses, etc.) can be increased, respecting the limit properties of the organic
material. It is known that the continuous salt fog test is unrealistic [30–32], and a recent
work showed that it did not correlate with other tests [33]. On the other hand, a simple
UV-accelerated test is not sufficient to simulate the natural exposure and it is important
to study the synergic effect of different accelerated factors (for example, UV radiation
plus thermal cycling) on many different types of organic coatings [10,32]. In fact, fast
temperature changes with high humidity and low humidity periods appear as the most
harmful accelerated ageing conditions [9,12,34]. Recently, Qu et al. [35] used different
wetting and drying cycles for the ageing of a coating system constituted by a thick epoxy
primer and an acrylic polyurethane topcoat. They found that, the longer the wetting time
in one cycle, the more serious the degradation of the coating samples. For offshore appli-
cations, organic coatings can be tested according to ISO 20340 standard, which alternates
UV/condensation (ISO 11507), neutral salt spray (ISO9227), and a freezing phase (−20 ◦C),
with a total duration of 4200 h. However, Le Bozec et al. [33] showed that there was no
impact from the freezing phase and that the ISO 20340 cycle showed a satisfying correlation
with test variants where UV/condensation was replaced by a wet and dry transition at
a similar temperature. Davalos-Monteiro et al. [36] also compared ISO 20340 conditions
to natural exposure testing, but attempts to correlate natural exposure results with cyclic
test results proved unsuccessful. The authors highlighted the requirement of performing
further research to provide an indication of whether a correlation with natural exposure
might or might not be possible.

As one can see, the perfect accelerated ageing test that fully represents service con-
ditions may not exist because of the very numerous factors that have to be considered,
including the chemical nature of organic coatings. However, attempts to find realistic
ageing conditions that one allow to accelerate the coating degradation and to rank different
systems must be undertaken [37]. This work aimed to study the ageing of an epoxy coating
system applied onto three different metallic substrates, using different ageing tests in
natural or artificial seawater, neutral salt spray, and an alternate immersion test, in order
to evaluate the aggressiveness of the different ageing conditions. Coated systems with
and without initial artificial defect were considered and monotonous ageing conditions
were compared to cyclic ageing conditions in order to define the most aggressive ageing
condition for thick marine epoxy coatings. The evaluation of the coating degradation was
performed by visual inspection (corrosion degree ISO 4628-8) for panels with defect and by
electrochemical characterization (barrier properties, ISO 16773) for defect-free panels.
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2. Experimental Part

2.1. Materials

Organic coatings were applied onto steel panels (S355NL) by airless spraying process
under controlled climatic conditions, according to ISO 8502-4 standard by Cryo-West
company (Trignac, France). The panel size was 150 mm × 100 mm × 5 mm. Three
different surface preparations were used: steel panels (S355NL) submitted to blast-cleaning
(Sa 2.5 according to ISO 8501-1 standard; Cryo-West company, Trignac, France), steel
panels (S355NL) coated by a hot-galvanized layer (200 μm thick; France Galva company,
Carquefou, France) and steel panels (S355NL) coated by a Zn-Al15 thermal spaying coat
(150 μm thick; Cryo-West company, Trignac, France). Commercial paints (Hempel company,
Trignac, France) were used and applied as presented in Table 1. Hempadur 45,703 is an
epoxy-polyamide primer, Hempadur 45,753 is an epoxy-polyamide/amine primer and
Hempadur 15,570 is an epoxy/polyamide adduct paint.

Table 1. Name of the systems, composition of the systems, and total dry film thicknesses of the
studied organic coating systems.

System Name Paint System Total Dry Film Thickness

Organic system
ROX

Hempadur 45703: 250 μm +
Hempadur 45753: 250 μm 500 μm

Galvanized system
RG

Hempadur 15570: 50 μm +
Hempadur 45703: 200 μm +
Hempadur 45753: 250 μm

500 μm

Thermal spray system
RM

Hempadur 45703: 30 μm +
Hempadur 45703: 250 μm +
Hempadur 45753: 250 μm

530 μm

All coatings were dried at ambient air for at least 14 days, according to the technical
specifications. For panels submitted to electrochemical measurements (electrochemical
impedance spectroscopy, or EIS), a hole (diameter 2 mm) was drilled in the top edge of the
panel and a metallic wire was inserted. The electrical connection was then embedded in a
polyurethane resin to avoid moisture (Figure 1).

Figure 1. Coated panel with electrical connection.

2.2. Ageing Tests

Defect-free samples were immersed in natural seawater (Port des Minimes, La Rochelle,
France) for 1200 days (29,000 h). Samples were regularly brought back to the laboratory for
EIS measurements in order to evaluate the barrier properties of the organic coating systems,
according to ISO 16773 standard. Six identical panels (ROX1nat to ROX6nat; RG1nat to
RG6nat; RM1nat to RM6nat) were tested for reproducibility.

Defect-free samples were also immersed in the laboratory at a controlled temperature,
using NaCl 35 g·L−1 solution for 1085 days (26,000 h). The ageing temperature was 35 ◦C in
order to accelerate degradation mechanisms but without damaging the polymer. Actually,
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the glass transition temperature Tg was measured by DSC measurements (DSC Q100,
TA Instruments, New Castle, DC, USA) for each organic coating and was higher than
65 ◦C. Even with moisture ingress and a decrease in Tg, which is usually about 20 ◦C due
to plasticization [38,39], the ageing temperature is well below the humid Tg. Moreover,
artificial seawater was not chosen in order to avoid the presence of Ca2+ and Mg2+ ions,
which leads to the formation of calcareous deposits [40,41] onto uncoated metallic surfaces.
As RM and RG systems present a zinc layer under the organic coatings, the steel substrate
is cathodically polarized in case of a defect in the organic coating and the calcareous deposit
can delay the degradation of the substrate/coating interface for RM and RG systems, which
is not the case for the ROX system, therefore a comparison between the different systems is
not possible. Finally, six identical defect-free panels (ROX1 to ROX6; RG1 to RG6; RM1 to
RM6) were tested for reproducibility.

For each system, a defect (X-cut panels according to ISO 16272-2 standard) was created
through the organic coating system till the metallic surface. The defect was a V shape,
realized with a scribe (ISO 2409 standard) with Elcometer 1538 (40 mm length, two scribes
with a 30◦ angle, Figure 2). The panels were then immersed in NaCl 35 g·L−1 solution
for 181 days (4344 h) at 35 ◦C. Regularly, the samples were taken out and the degree of
corrosion was evaluated according to ISO 4628-8 standard. Six identical defect-free panels
for each system were tested for reproducibility.

Figure 2. X-cut panel.

Defect-free and X-cut panels were submitted to cyclic neutral salt spray (ASCOTT
CC450IP, LABOMAT, France) for 60 days (1440 h). The cycle A from ISO 11997-1 standard
was applied and is constituted as: 2 h of salt spray at 35 ◦C + 4 h of a dry period (20–30%
Relative Humidity RH) at 60 ◦C + 2 h of a humid period (RH > 95%) at 50 ◦C. Four identical
defect-free panels were evaluated by EIS measurements every week and, after 60 days, they
were immersed in NaCl 35 g·L−1 solution for further EIS investigations. Four identical
X-cut panels were also tested for 60 days with the cyclic neutral salt spray and the degree
of corrosion was regularly evaluated.

Alternate immersion tests were also performed to better simulate marine environment.
The coated samples were immersed in NaCl 35 g·L−1 solution in a glass vessel that was
inserted in a climatic chamber (model WK 180/40, WEISS TECHNIK, Martillac, France) for
thermal cycling for 5 days: 24 h at 5 ◦C then 24 h at 50 ◦C then 24 h at 5 ◦C then 24 h at
50 ◦C and finally 24 h at 5 ◦C. After 5 days, the samples were removed from the solution
and placed in the climatic chamber for 2 days at 50 ◦C and 98%RH. The total duration for
the alternate immersion test was at least 20,000 h. Every week, EIS measurements were
performed with 6 identical defect-free panels and the degree of corrosion was evaluated
for 4 identical X-cut panels.
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2.3. EIS Measurements

Electrochemical impedance spectroscopy (EIS) measurements were performed in NaCl
35 g·L−1 solution using a REF600 potentiostat and a Paint Test Cell PTC1 (16 cm2) from
GAMRY (GAMRY, Warminster PA, USA), with a calomel reference electrode and a graphite
counter electrode. Defect-free coated panels with the PTC1 cell were placed in an oven
(acting as a Faraday cage) at 35 ◦C for at least 30 min before EIS measurement so that
all EIS data were obtained at 35 ◦C and the different ageing conditions can be compared.
The frequency domain was swept from 200 kHz down to 50 mHz, with a 30 mV RMS
perturbation at the free corrosion potential and 11 points per decade. From EIS spectra, the
low frequency (0.1 Hz) impedance modulus |Z|0.1 Hz was measured and divided by the
coating thickness e to obtain the reduced impedance modulus |Z|0.1 Hz/e that allowed
to us compare samples with different thicknesses. From the high-frequency domain, the
capacitance of the organic coating system Cf was calculated as:

Cf =
1

2π f ·Zi
(1)

where f is 10 kHz and Zi is the imaginary part of the impedance. Then, the water uptake
was calculated with the well-known Brasher and Kingsbury [42] equation, where one
considers the volume fraction of pigment [43]:

χV(%) =

(
1 − f v

P
)· log

( Cf (t)
Cf (t=0)

)

log εw
(2)

where εw is the water permittivity, f v
P is the volume fraction of the pigment ( f v

P = 0.46),
Cf (t) is the measured capacitance at time t, and Cf (t = 0) is the measured capacitance at
initial time.

All the results are presented as function of the reduced time τ =
√

time
e (s1/2·cm−1) in

order to remove the thickness effect [44,45] and to compare results obtained from samples
with different thicknesses.

2.4. Degree of Corrosion

X-cut samples were regularly removed from the ageing test and observed with a
microscope USB CONRAD DP-M14 camera (CONRAD, Haubourdin, France). Then, the
pictures were analyzed using the software ImageJ to measure the mean scribe width (at
least 6 points).

3. Results and Discussion

3.1. Thickness Measurements

Before applying the PTC1 cell onto the defect-free panels for EIS measurements,
thickness (at least 10 points) was measured using an Elcometer gauge (Elcometer, La
Chapelle Saint Mesmin, France) in order to find a zone with a homogeneous thickness,
since EIS measurements can be greatly affected by a thickness gradient [46,47]. The mean
thicknesses are given in Table 2.

These experimental values are quite different from the expected thickness about
500–550 μm (cf. Table 1) since thicknesses higher than 700 μm are frequently found. This
relates the difficulty to obtain homogeneous thicknesses onto small surfaces with industrial
process. It is also a strong proof that the thickness influence has to be removed from the
considered parameters in order to compare all the systems.
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Table 2. Name and measured thickness of the defect-free coated panels tested in the different ageing conditions.

Ageing Conditions Panel Name
Thickness

(μm)
Panel Name

Thickness
(μm)

Panel Name
Thickness

(μm)

Immersion at 35 ◦C in
NaCl solution

ROX1 544 RG1 555 RM1 630
ROX2 658 RG2 514 RM2 634
ROX3 618 RG3 528 RM3 577
ROX4 535 RG4 479 RM4 615
ROX5 578 RG5 539 RM5 612
ROX6 683 RG6 505 RM6 650

Immersion in seawater

ROX1_nat 490 RG1_nat 490 RM1_nat 594
ROX2_nat 542 RG2_nat 542 RM2_nat 569
ROX3_nat 524 RG3_nat 524 RM3_nat 599
ROX4_nat 584 RG4_nat 584 RM4_nat 653
ROX5_nat 514 RG5_nat 514 RM5_nat 640
ROX6_nat 554 RG6_nat 554 RM6_nat 541

Cyclic NSS

ROX1_NSS 651 RG1_NSS 725 RM1_NSS 667
ROX2_NSS 521 RG2_NSS 536 RM2_NSS 679
ROX3_NSS 483 RG3_NSS 719 RM3_NSS 696
ROX4_NSS 517 RG4_NSS 711 RM4_NSS 669

Alternate cycling

ROX1_AC 594 RG1_AC 720 RM1_AC 756
ROX2_AC 571 RG2_AC 705 RM2_AC 741
ROX3_AC 600 RG3_AC 648 RM3_AC 690
ROX4_AC 530 RG4_AC 671 RM4_AC 708
ROX5_AC 594 RG5_AC 662 RM5_AC 796
ROX6_AC 640 RG6_AC 681 RM6_AC 708

3.2. Defect-Free Samples Immersed at 35 ◦C

EIS raw data obtained every 1 h for 50 h for panel ROX5 are shown in Figure 3. A
one-time constant R/C behavior is clearly obtained with a capacitive domain in the high
frequency region (phase values near −90◦) and a resistive domain (phase values tending
to 0◦) for lower frequencies. The same typical behavior was obtained for other ROX panels
and also for RM and RG systems.

This shows a rapid decrease in the barrier effect of the organic coating system due to
water uptake and a decrease in the low frequency impedance modulus |Z|0.1 Hz [8,48]. In
the high frequency domain, the capacitive behavior indicates that the impedance value is
dominated by its imaginary part, therefore the film capacitance Cf can be readily calculated
using Equation (1). Figure 4 presents the reduced low-frequency impedance modulus
evolution with ageing time for ROX, RG, and RM systems.

For the three systems, the six identical panels show a very good reproducibility. For all
systems, there is a rapid decrease in |Z|0.1 Hz/e, about two decades after one week, which
means a decrease in the barrier effect due to water ingress. The decrease in |Z|0.1 Hz/e is
the consequence of the progressive penetration of the electrolyte in the polymeric network
and through resistive paths (pores, microscopic defects), which increases the conductivity
of the organic layers [49,50]. The electrochemical behavior of the paint, which is highly
capacitive at the beginning of the immersion period, becomes significantly resistive in the
low frequency domain. Such behavior is typical for defect-free organic coatings exposed to
aqueous electrolytes and has been widely described in the literature [51–53].

Then, for the ROX system, the reduced modulus values slightly increase before
tending to a plateau, and final values are close to 10 GΩ·cm (5 × 108 Ω·cm2) for 26,000 h
of immersion (1085 days). These three different periods can be better seen when the
reduced modulus is plotted vs. the reduced time. For RG panels, after the initial decrease
in |Z|0.1 Hz/e from 1 TΩ·cm to 10 GΩ·cm, there is a long increase up to 50 GΩ·cm
and a slight decrease after 20,000 h of immersion, with final values of about 30 GΩ·cm
(1.5 × 109 Ω·cm2) for 26,000 h of immersion (1085 days). For RM systems, a slight increase
in the reduced modulus is observed after the initial decrease, similar to ROX system,
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except the values remain quite constant afterwards, with final values close to 20 GΩ·cm
(109 Ω·cm2) for 26,000 h of immersion (1085 days). This can be explained by the presence
of the additional coat onto RM systems (Table 1). For all systems, the slight increase in
the reduced modulus value can be explained by a post-reticulation process [54,55] of the
polymer matrix that enhances the barrier effect. Moreover, the porosity or the microscopic
defects of the organic layers may be partially blocked by the swelling of the matrix or
by the generation of few corrosion products [56,57]. The main observation is that, for
the considered immersion period (1085 days), the coating systems present similar high
impedance values that do not allow us to differentiate them, and all systems can be ranked
as excellent, according to [12].

Figure 3. Typical EIS raw data obtained for panel ROX5 (a) impedance modulus |Z| in ohm (Ω) and
(b) the phase Theta in degree (◦).

Figure 4. Cont.
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Figure 4. Cont.
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Figure 4. Evolution of the reduced impedance modulus |Z|0.1 Hz/e vs. ageing time for ROX system
(a), RG system (c), and RM system (e) and evolution of the reduced impedance modulus |Z|0.1 Hz/e
vs. reduced time for ROX system (b), RG system (d), and RM system (f) during the immersion at
35 ◦C in laboratory.

Water uptake values were calculated according to Equation (2) and plotted vs. the
reduced time (Figure 5). For each system, the volume water uptake values are reproducible
and are quite similar for all the systems for the ageing period. For all systems, the volume
water uptake increases until 12,000 s1/2·cm−1 (about 7 days), which perfectly corresponds
to the decrease in the reduced impedance modulus previously observed (Figure 4). Then,
the values remain quite constant until 25,000 s1/2·cm−1 (about 30 days), with values be-
tween 3.5 and 4%, showing a pseudo-Fickian behavior. After the plateau, one can observed
a slight increase that could be related to the presence of water at the pigment/polymer inter-
face, paint delamination, swelling, or water accumulation in the coating in a heterogeneous
way [58–60]. Indeed, the long-term water uptake of the samples may be associated with the
swelling of the organic layers, increasing the thickness of the coating systems, and therefore
the overall impedance, as previously discussed. Such behavior is in good accordance with
many results described in the literature obtained on model epoxy coatings [61], as well as
on commercial organic paints [62–64]. The main result is that all systems absorb similar
water content, which is not surprising, since the same coating formulations are applied
onto the metallic panels.
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Figure 5. Evolution of the volume water uptake values with reduced time for (a) ROX system, (b) RG
system, and (c) RM system during the immersion at 35 ◦C in laboratory.
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From these EIS measurements, it appears that the three systems behave quite similarly
and that the immersion at 35 ◦C for 1085 days does not allow one to observe significant
degradation and/or difference between the three systems. The same observation was
made by other authors for epoxy coatings tested in aerated ASTM solution for 2 years of
testing [65].

3.3. Defect-Free Samples Immersed in Natural Seawater

The evolution of the reduced impedance modulus for panels immersed in natural
seawater is presented in Figure 6. For each system, a typical curve obtained for the same
system from the ageing at 35 ◦C in laboratory is added to the plot for comparison with
natural conditions.

Figure 6. Cont.
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Figure 6. Evolution of |Z|0.1 Hz/e vs. reduced time for the ageing in natural seawater for (a) ROX
system, (b) RG system, and (c) RM system.

Initial impedance modulus values are high, but they rapidly decrease with ageing
time, as for the ageing at 35 ◦C in laboratory. For the three systems, the reduced impedance
modulus slightly decreases with ageing time, showing final values that are globally lower
than those observed during ageing at 35 ◦C. This can be explained by the low natural
thermal cycles [2] that induce internal stresses [22,34,66,67] within the coating, leading
to a faster decrease in the barrier efficiency. The main result is that the three systems
behave quite similarly and that the natural immersion for 1200 days does not allow one
to observe the significant degradation and/or difference between the three systems. The
same observation was made by other authors for epoxy coatings tested for 7 months in
natural seawater [8].

3.4. Defect-Free Samples in Cyclic NSS then Immersed at 35 ◦C

The evolution of the reduced impedance modulus for panels submitted to cyclic NSS
is presented in Figure 7. For each system, a typical curve obtained for the same system
from the ageing at 35 ◦C in laboratory is added to the plot for comparison with cyclic
NSS conditions.

EIS measurements performed show high constant impedance values (>1 TΩ·cm ie)
(|Z|0.1 Hz ≈ 50 GΩ·cm2) for all systems during the cyclic NSS period (1440 h). This means
that the barrier effect is not modified by the cyclic ageing conditions and can be easily
explained by the dry period at 60 ◦C that deletes the water uptake, as has been already
mentioned by other studies [68]. Moreover, no defect (blister and/or delamination) was
visually observed. It can therefore be concluded that much more time is needed to observe
an eventual degradation of the coating using the cyclic NSS. After this initial period in
cyclic NSS, panels were placed at 35 ◦C in NaCl solution. With this constant immersion, the
reduced impedance modulus values decrease, showing a decrease in the barrier efficiency
induced by water uptake. For the RG system, the final values of |Z|0.1 Hz/e are similar to
those observed during constant immersion at 35 ◦C, while, for the RM and ROX systems,
the final values are higher.
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Figure 7. Cont.
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Figure 7. Evolution of |Z|0.1 Hz/e vs. reduced time for the ageing in cyclic NSS for (a) ROX system,
(b) RG system, and (c) RM system.

The initial period in cyclic NSS contains a dry period at 60 ◦C, which is close to the
Tg value (between 65 ◦C and 70 ◦C) of the systems. In such conditions, post-reticulation
and/or physical ageing [69–72] processes can take place and modify the polymer network,
leading to a lower water uptake and then to a better barrier effect. That was observed for
the ROX and RM systems, which are constituted by the same coating formulations, but not
for the RG system. In fact, the RG system is constituted by another primer that could be
more sensitive to thermal effects, leading to a lower barrier effect. Unfortunately, it was not
possible to emphasize the thermal sensitivity of this primer in this work, since only coated
panels were available from the industrial partners and not the paint formulations. Still, it is
worth noting that, despite their relatively low thickness compared to the overall system,
primers play a key role in the durability of protective paints. Indeed, the performance
and the stability of the primer govern the quality of the adhesion between the metallic
substrate and the coating system, which is essential to prevent and limits the propagation of
corrosion. Many scientific papers have reported the importance of the adhesion regarding
the durability of protective systems, and it can be improved thanks to several surface
pretreatments [73,74] or through the use of the appropriate primer [75,76]. In the present
case, the step at 60 ◦C from the NSS may deteriorate the primer and/or the interface
between the primer and the substrate, leading to a loss of adhesion at the expense of the
barrier properties.

3.5. Defect-Free Samples in Alternate Cycling

The evolution of the reduced impedance modulus for panels submitted to alternate
cycling is presented in Figure 8. For each system, a typical curve obtained for the same
system from the ageing at 35 ◦C in a laboratory is added to the plot for comparison with
alternate cycling conditions.

For almost all coated panels, the reduced impedance modulus values drastically
decrease after one week of the alternate cycling conditions. This is a strong difference with
cyclic NSS, where a dry period was maintained for 4 h at 60 ◦C. In the alternate cycling
conditions, the panels are either immersed or in contact with air at a relative humidity
higher than 98%. In such conditions, no removal of the water uptake is expected, therefore
the barrier effect decreases. After this initial decrease, the reduced impedance modulus
slightly increases and tends to plateau with values higher than those observed with the
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immersion at 35 ◦C in NaCl solution. Again, thermal cycling seems to enhance the barrier
effect, which can be explained, as done previously, by post-reticulation and/or physical
ageing processes. If the ROX and RM systems present similar reduced impedance modulus
values during the whole ageing period, the RG system rapidly presented some important
blisters showing the significant degradation of the organic coating system. With such
observations, the test was stopped for the RG system.

As previously seen with cyclic NSS, the RG system appears to be particularly sensitive
to thermal cycling in humid conditions. The appearance of blisters confirms the loss of
adhesion that was previously suspected for the RG samples exposed to NSS. Moreover, it
confirms the fact that higher ageing temperatures may favor the loss of adhesion. Alternate
cycling was able to request the Achilles heel of the system and to show a clear difference
between RG samples and the other systems. This difference, which was already suspected
from NSS results, is much more significant with alternate cycling. It may be due to
the longer periods, where samples are exposed to high humidity combined with high
temperature, and to the higher temperature amplitude during this test, inducing stresses
at the interface between the paint system and the substrate. The same conclusions were
obtained by others studies dealing with thermal cycling [30,32,77]. Unfortunately, it
seems that more time is needed with these ageing conditions to differentiate the ROX and
RM systems.

Figure 8. Cont.
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Figure 8. Evolution of |Z|0.1 Hz/e vs. reduced time for the ageing in alternate cycling for (a) ROX
system, (b) RG system, and (c) RM system.

3.6. X-Cut Samples Immersed at 35 ◦C

The evolution of the corrosion degree for the three systems immersed at 35 ◦C in NaCl
solution is presented in Figure 9. For each system, the presented curve is the mean curve
obtained from six identical panels.

Figure 9. Evolution of the corrosion degree for X-cut panels immersed in NaCl solution at 35 ◦C.

For the RM and RG systems, the corrosion degree values slightly increase and are
quite similar for both systems, with values lower than 0.3 after 180 days of immersion. For
the ROX system, the corrosion degree increases more rapidly, with values close to 0.8 after
180 days of immersion. These results show that the ROX system is less performant than
the RM and RG systems, where zinc layers are deposited onto the steel substrate. It can
be reminded that no specific surface treatment was applied onto the steel substrate before
applying the organic coatings, which can explain such results. In these ageing conditions,
and for X-cut samples, the contribution of the sacrificial layers (galvanized or thermal
sprayed) and their ability to limit the propagation of corrosion are emphasized, as has been
already shown by other studies [78,79], while the quality of the paint system (adhesion,
barrier properties) is less crucial.
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3.7. X-Cut Samples in Cyclic NSS

The evolution of the corrosion degree for the three systems submitted to cyclic NSS is
presented in Figure 10. For each system, the presented curve is the mean curve obtained
from four identical panels.

Figure 10. Evolution of the corrosion degree for X-cut panels submitted to cyclic NSS.

For RM and RG systems, the corrosion degree values slightly increase and are quite
similar for both systems, with values lower than 0.3 after 1440 h (60 days) of ageing. For the
ROX system, the corrosion degree increases more rapidly, with values close to 0.6 after 60
days of cyclic NSS. These results show again that the ROX system is less performant than
RM and RG systems, for which no clear difference can be made after 1440 h of cycling NSS.
In the same manner as immersion in NaCl, the NSS test emphasizes the contribution of the
Zn-based sacrificial layers. These results are in agreement with previous studies [80] that
showed that metallic Zn-based coatings increased the time for the appearance of reddish
corrosion products in the edges and incision during the salt spray chamber test.

3.8. X-Cut Samples in Alternate Cycling

The evolution of the corrosion degree for the three systems submitted to alternate
cycling is presented in Figure 11. For each system, the presented curve is the mean curve
obtained from four identical panels.

Figure 11. Evolution of the corrosion degree for X-cut panels submitted to alternate cycling.
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With the alternate cycling, the three systems clearly present different behaviors. Again,
the ROX system presents a more rapid increase in the corrosion degree, with values at
0.35 after 2064 h (86 days). For the RM system, the corrosion degree slightly increases and
remains close to 0.07, while the RG system presents an intermediate behavior until 79 days,
and drastically degrades afterwards, with a large delamination of the coating, therefore the
test had to be stopped. As seen previously with defect-free panels, the RG system appears
to be particularly sensitive to humid thermal cycles, especially regarding adhesion.

The alternate cycling applied to X-cut panels was then able to emphasize the contri-
bution of the sacrificial layers in the same way as immersion in NaCl or NSS testing, but
also to highlight the fragility of the adhesion, as it was observed on defect-free samples.
Among the ageing conditions presented in this work, the alternate cycling should then be
the preferred test to fully discriminate different paint systems, as it involves corrosion and
delamination phenomena.

4. Conclusions

From the results of this work, the following conclusions can be proposed about the
efficiency of the different ageing tests to differentiate the behaviors of thick marine coatings
applied onto steel (ROX system), hot-galvanized steel (RG), and Zn-Al15 thermal spraying
coated steel (RM):

When applied to defect-free samples, immersion tests in NaCl 35 g·L−1 solution at a
constant temperature (35 ◦C) were only able to show the decrease in the paint resistivity
for all systems. No significant difference was observed between the three systems after
1085 days of immersion. Much more time or lower thicknesses may be needed in such
tests to expect degradation and eventual differentiation between different systems. When
X-cut samples were immersed in NaCl, only the contribution of the sacrificial Zn layers has
been shown.

The immersion in natural seawater for 1200 days showed no significant difference for
the three systems. This test with true natural conditions is therefore not adapted for the
rapid evaluation of thick coating performances.

No significant difference was observed between the defect-free systems during the
cyclic NSS test for 1440 h. Only adhesion issues could have been suspected from these
ageing conditions, but the phenomena were not clear enough. For panels with defects, the
NSS cyclic test was clearly able to show the effect of the sacrificial Zn layers in the same
way as the immersion tests.

When applied to defect-free panels, the alternate cycling test was able to clearly
emphasize adhesion issues between the paint system and the substrate, as it has been seen
with the blistering of RG samples. Moreover, when applied to X-cut panels, corrosion
propagation was also involved, and this test allowed us to highlight the contribution of
sacrificial Zn layers, as observed in the RM systems.

Thermal cycling is the only test which has been able to clearly differentiate defect-
free systems by stressing the adhesion of the coatings. However, care must be taken
when defining the thermal cycles so that the maximum temperature remains lower than
the wet glass transition temperature. Finally, in the framework of this study, for thick,
highly pigmented coatings, X-cut panels and alternate cycling have been the only ageing
conditions to fully discriminate different paint systems by involving both corrosion and
adhesion loss mechanisms. It can be noted that a long testing time is still needed to rank
different thick organic coating systems, therefore more studies have to be performed in
order to find rapid realistic ageing conditions. For example, steps of exposition to UV-light
could also be introduced in the ageing cycles in order to induce the chemical degradation of
the organic compounds and bring the testing to a more realistic level. Mechanical stresses
should also be considered, depending on the targeted applications.

Further investigations should also be carried out to study paints applied on other met-
als, and to understand the degradation of more complex systems such as paints containing
corrosion inhibitors or self-healing coatings.
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Abstract: Cathodic protection efficiency of complex carbon steel structures in confined seawater
environment was studied using a specific experimental device. Schematically, this device consisted
of a Plexiglas matrix, crossed by a channel 50 cm long, 5 mm deep, 1.5 to 5 cm wide, which moreover
included four bends at 90◦. Seawater flowed continuously inside the channel over 12 steel coupons
embedded in the Plexiglas matrix. Cathodic protection was applied at a constant potential of
−1060 mV vs. Ag/AgCl-seawater with respect to a reference electrode located outside the channel,
at the seawater flow entry. The potential of four selected coupons was monitored over time via
a microelectrode set close to each coupon. It varied significantly with the distance separating the
coupons from the channel entry. At the end of the 3.5-month experiment, a polarization curve was
acquired. The residual corrosion rate under cathodic protection was estimated via the extrapolation
of the anodic Tafel line. It varied from <1 μm yr−1 to 16 μm yr−1, depending on the potential reached
by the coupon (between −900 and −1040 mV vs. Ag/AgCl-seawater) at the end of the experiment
and on the properties of the calcareous deposit formed on the steel surface.

Keywords: seawater; cathodic protection; carbon steel; calcareous deposit; marine renewable energy

1. Introduction

Marine Renewable Energy (MRE) devices such as offshore wind turbines or ocean
current turbines involve carbon steel structures with complex geometries and/or inner
channels of small dimension where seawater may flow. In most cases, cathodic protection
(CP) is envisioned to ensure the durability of the immersed part of the MRE devices.
Modelling, predicting and quantifying the efficiency of CP for such complex structures may
be challenging. Consequently, specific experimental data may be necessary for a reliable
modelling of the CP system. An experimental device was designed to simulate a complex
steel structure where seawater would flow inside a channel of small dimension. The steel
structure inside the channel was mimicked by a series of 12 steel coupons connected to
each other. Four of them could be disconnected individually from the system to be studied
separately. In the channel, due to the small cross-sectional area, an important ohmic drop
should increase the potential of the metal so that deep inside the channel an insufficient
cathodic potential could prevail.

In seawater, the increase of the interfacial pH due to CP induces the formation of a
mineral layer on the steel surface. At the potentials usually used for CP of carbon steel, this
layer is mainly composed of aragonite CaCO3 [1–4], and thus called calcareous deposit.
The increase of pH at the steel/seawater interface is due to the increase of the cathodic
reaction rate, a direct consequence of the cathodic polarization. In most cases, the main
reaction involved is the reduction of dissolved O2:

O2 + 2H2O + 4e− → 4OH− (1)
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The production of OH− ions increases the pH, which modifies the inorganic carbonic
equilibrium at the steel/seawater interface:

OH− + HCO3
− → H2O + CO3

2− (2)

This process finally leads to the precipitation of CaCO3 on the steel surface:

Ca2+ + CO3
2− → CaCO3(s) (3)

The growth of the calcareous deposit promotes a physical barrier against O2 diffusion
so that the current density required for CP decreases with time. This phenomenon could
strongly influence the ohmic drop inside a channel of small dimension, such as the one
considered in the present study, and thus modify drastically the potential of the metal deep
inside the channel.

To our best knowledge, only one study devoted to a similar topic was reported [5]. It
aimed to compare experimental results with a computational analysis based on boundary
element modelling. Our purpose was to provide more detailed experimental results. In
particular, the aim was to monitor over time the potential of the various steel coupons
present inside the channel and to assess the efficiency of CP for each coupon. A 3.5-month
experiment was then carried out. At the end of the experiment, a surface analysis by X-ray
diffraction was achieved to characterize the calcareous deposit formed on the steel coupons.
Finally, to estimate CP efficiency, polarization curves were acquired for various coupons
along the channel. As performed in previous studies dealing with cathodic protection of
steel in soil [6–9], the residual corrosion rate of the metal at the protection potential ECP
was estimated by extrapolation of the anodic Tafel straight line down to ECP.

2. Materials and Method

2.1. Description of the Experimental Device Used for the Study

The experimental device was designed so that seawater flows in a channel 50 cm long,
5 mm deep and 5 cm wide, except in a 12 cm long central region, where its width was
reduced to 1.5 cm. The channel was machined in one of the two Plexiglas plates (2 cm thick)
that constituted the body of the device, as illustrated in Figure 1.

Figure 1. Schematic view (front) of the experimental device showing the respective positions of the
steel coupon (grey rectangle) embedded in resin (in yellow), the Ag/AgCl microelectrode (in blue)
and the Ti disk used as counter-electrode (hatched rectangle). C.-E., Ref. and W denote the three
connections to the potentiostat.
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In one of the Plexiglas plates, 12 large holes were drilled to insert 12 carbon steel
coupons embedded in a resin matrix, as displayed in Figure 2. These coupons are denoted
C1 to C12, with C1 being the coupon at the entry of the channel, where seawater comes
in. A copper wire was welded on the rear side of each coupon so that the coupon could be
connected to potentiostat #1 that ensured CP. Two kinds of coupons were used, with eight
3-cm diameter coupons in the 5-cm wide parts of the channel and four 1.5-cm diameter
coupons in the 1.5-cm wide central part of the channel (Figure 2). The device was set in a
tank (120 cm long × 25 cm deep × 15 cm wide) composed of three sections, separated by
Plexiglas walls ensuring the sealing of each section. The first section, which can be called the
“input section”, was filled with artificial seawater. A counter-electrode (titanium grid), and
an Ag/AgCl-seawater reference electrode (Eref = +0.250 V vs. SHE) were set in this section
and connected to potentiostat #1 used for CP. Five additional large (7 cm × 7 cm × 0.8 cm)
steel plates were also immersed in the “input section” to constitute the outer part of the
“simulated steel structure”. They were connected to potentiostat #1 like the coupons inside
the channel and thus protected similarly. The cathodic protection was applied at a constant
potential of −1060 mV vs. Ag/AgCl-seawater (i.e., −1050 mV vs. SCE) with respect to the
reference electrode set in the “input section”. This potential value is the lowest value that
could reach a steel structure connected to an Al-Zn-In galvanic anode.

Figure 2. Schematic view (side) of the experimental device, showing the electrical connections and
the positions of the four Ag/AgCl microelectrodes (blue lines) set in the channel close to coupons C1,
C4, C9 and C12.

The central section of the tank, where the Plexiglas device was set, was not filled with
seawater, to facilitate the visual observation of the coupons inside the channel. The third
section, i.e., the “output section”, was filled with artificial seawater like the “input section”.
An aquarium pump was placed at the bottom of this section and connected to the channel
of the device via a 3-mm diameter plastic tube. The pump ensured a continuous seawater
flow inside the channel at a rate, controlled weekly during the 3.5-month experiment,
measured between 16 L h−1 and 28 L h−1. The corresponding flow velocity was then
between 1.8 cm s−1 and 3.1 cm s−1 in the main part of the channel and between 5.9 cm s−1

and 10.4 cm s−1 in the smaller central section.
The pumped seawater was transported up into a second tank, initially filled with

a large volume of seawater. The seawater level of this thank remained constant as the
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excess seawater overflowed into the “input section” of the first tank. The overall volume of
seawater was equal to 20 L. Half of this volume, i.e., 10 L, was renewed after 2 weeks, after
1 month and after 2 months of experiment. A picture of the entire experimental system is
shown in Figure 3.

Figure 3. Image of the “real” experimental system while operating.

Four of the coupons, namely C1, C4, C9 and C12, could be disconnected individually
and studied separately using a second potentiostat. Close to each coupon, an Ag wire
covered with an AgCl layer was set inside the channel to be used as a local Ag/AgCl-
seawater reference electrode specific to each coupon. Opposite to each of these four steel
coupons, a Ti disk was inserted in the Plexiglas plate where the channel was machined to
be used as a local counter-electrode (Figure 1).

Finally, four small holes (3.5-mm diameter) were drilled on top of the device so that a
micro pH electrode could be inserted inside the channel for local pH measurements close to
coupons C4, C6, C7 and C9 (Figure 2). The holes were closed with small rubber lids except
when pH measurements were carried out.

The artificial seawater used here was based on the ATSM D1141 standard [10]. Its compo-
sition was NaCl (0.42 mol L−1), MgCl2·6H2O (0.055 mol L−1), Na2SO4·10H2O (0.029 mol L−1),
CaCl2 ·2H2O (0.011 mol L−1), KCl (0.009 mol L−1) and NaHCO3 (0.003 mol L−1). Its pH was
adjusted at 8.1 ± 0.1 by addition of small amounts of a 0.1 mol L−1 NaOH solution. Its
conductivity was measured at 55.4 ± 0.2 mS/cm, i.e., a typical value for seawater.

S235-JR carbon steel rods (3-cm and 1.5-cm diameter) were used to prepare the coupons.
The steel composition (wt %) was 98.2% Fe, 0.122% C, 0.206% Si, 0.641% Mn, 0.016% P,
0.031% S, 0.118% Cr, 0.02% Mo, 0.105% Ni and 0.451% Cu. The steel surface was abraded
with silicon carbide (grade 180, particle size 80 μm), rinsed with deionized water, and
carefully dried just before the coupons were set in the experimental device. The large steel
plates immersed in the “input section” of tank #1 (Figures 2 and 3) were made of the same
steel and their surfaces were prepared the same way.

The experiment was performed twice for 3.5 months, after an initial shorter experiment
of 21 days, at room temperature (22 ± 2 ◦C) in each case. These experiments gave similar
results but the article is focused on the last of the three experiments because, in particular,
additional information about coupon C6 was only acquired in this case (see Section 2.2).
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2.2. Electrochemical Measurements

When the ohmic drop is important, the “real” potential of the metal differs significantly
from the applied potential Eapp. This potential is the potential corrected from ohmic drop,
EIR free, expressed as:

EIR free = Eapp − RI (4)

In Equation (4), R is the resistance of the electrolyte that separates the reference
electrode from the working electrode (steel coupon), and I the current required for CP. For
a cathodic current, the value of I is considered negative, which implies that EIR free > Eapp.

In our experimental conditions, Eapp is equal to −1060 mV vs. Ag/AgCl-seawater.
It corresponds to the electric voltage between each coupon under CP and the reference
electrode used for CP, immersed in the “input section” of tank #1.

The potential EIR free of coupons C1, C4, C9 and C12 could be measured using poten-
tiostat #2 via the determination of the electric voltage between the coupon and the paired
Ag/AgCl-seawater microelectrode set nearby inside the channel. These measurements
were performed daily during the first 20 days, weekly until day 81 and one last time at the
end of the experiment (day 109). In this last day, an additional measurement was performed
for coupon C6 using a hole designed for pH measurement to set an Ag/AgCl-seawater
microelectrode close to the coupon.

On the last day of experiment, polarization curves were acquired for coupons C1, C4,
C9 and C12 using the associated counter-electrode and Ag/AgCl-seawater microelectrode.
It was also achieved for C6, using an Ag/AgCl-seawater microelectrode as explained
above and the closest counter-electrode, i.e., the one facing coupon C4. The curves were
obtained from EIR free(1) = −1.10 V vs. Ag/AgCl-seawater to EIR free(2) = −0.60 V vs.
Ag/AgCl-seawater, at a scan rate dE/dt = 0.1 mV/s. Potentiostats #1 and #2 were both
VSP potentiostats (BioLogic, Seyssinet-Pariset, France). The polarization curves were
measured with the water still flowing in the channel and CP was not interrupted before the
polarization curve was acquired. The lowest potential (−1.1 V vs. Ag/AgCl-seawater) was
chosen to be only slightly smaller than the applied potential Eapp, so that water reduction
remained negligible. The highest potential (−0.6 V vs. Ag/AgCl-seawater) was chosen so
that in any case a sufficiently large anodic region could be investigated.

All pH measurements were performed with a Mettler-Toledo micro pH electrode
(Mfr # 51343160) and a SevenExcellence pH meter S400 (Mettler-Toledo SAS, Viroflay,
France). They were carried out at day 28 while the seawater flow inside the channel
had, exceptionally, stopped, and every two weeks with seawater flowing normally inside
the channel.

2.3. X-ray Diffraction Analysis

After the experiment, the surface of the coupons was analysed by X-ray diffraction
(XRD). The coupons were directly set in the sample holder and the analysis was carried
out with a classical powder diffractometer (Brucker AXS® D8-Advance), using Cu-Kα

wavelength (λ = 0.15406 nm) in Bragg-Brentano geometry. The acquisition was performed
at 40 kV and 40 mA, from 2θ = 10◦ to 2θ = 70◦, with an angular interval of 0.04◦ and a
counting time of 3 s per angular position.

The various phases were identified using the ICDD-JCPDS-PDF-2 database (ICDD,
Newtown Square, PA, USA) via the files 01-075-2230 (aragonite = CaCO3), 00-005-0628
(halite = NaCl), 01-044-1415 (lepidocrocite = γ-FeOOH) and 03-065-4899 (α-Fe).

3. Results

3.1. pH Measurements

Table 1 lists the pH values measured inside the channel at the vicinity of coupons
C4, C7 and C9 and outside the channel, in the “input section” of tank #1. The value
measured outside the channel was in any case between 7.8 and 8.0. At days 33 and 53, the
measurements were performed with seawater flowing normally inside the channel and the
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values obtained for coupons C4 and C7 were identical (or did not differ significantly) to
those measured outside the channel. In contrast, the pH measured near coupon C9 was
always slightly higher.

Table 1. Local pH measurements. The accuracy was estimated at ±0.1 pH via three successive measurements.

Measurement Time pH of Seawater 1 pH Close to C4 pH Close to C7 pH Close to C9

Day 28 (flow stopped) 7.9 8.7 9.2 9.5
Day 33 7.8 7.7 7.8 8.0
Day 53 8.0 8.0 8.0 8.5

1 pH measured outside the channel, in the “input section” of tank #1 (see Figure 2).

On day 28, the seawater flow was accidentally stopped. It was actually observed that
the 3-mm diameter tube connecting the channel to the aquarium pump (Figure 3) was
clogged with rust particles coming from the insufficiently protected coupons. The measured
pH values revealed that the pH was increasing all along the channel, from 8.7 close to
C4 to 9.5 close to C9. This increase of pH is the consequence of CP, which increases the
cathodic reaction rate and so the production of OH− ions, as expressed by reaction (1).
When the seawater flow was stopped, OH− ions could be only transported by migration
and diffusion. The observed increase of pH shows that the production of OH− ions was
sufficiently fast so that the local OH− ions concentration could increase. Conversely, when
seawater flowed inside the channel, the produced OH− ions were also carried away by
advection and could not accumulate at the vicinity of the coupons surface.

The results obtained near coupon C9 are, however, slightly different as the pH is also
higher when seawater flows inside the channel. A detailed view of the experimental design
is shown in Figure 4. It reveals that pH was actually measured in a corner of the channel
far from the electrolyte pathway. The effects of advection in this confined region of the
channel are thus insufficient to avoid the accumulation of OH− ions.

Figure 4. Schematic representation of the channel around coupon C9. The blue line corresponds to
the Ag/AgCl microelectrode. The large bended red arrow displays (schematically) the water flow.

The pH was monitored all along the experiment (approximately every two weeks).
For each coupon, it fluctuated around the values given in Table 1 for days 33 and 53, i.e.,
did not change significantly over time.

3.2. Potential Measurements

The potential corrected from ohmic drop, EIR free, was measured as described in
Section 2.2. for coupons C1, C4, C9 and C12. The evolution over time of these potentials is
displayed in Figure 5.
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Figure 5. Evolution over time of the potential, measured with respect to the paired Ag/AgCl
microelectrode, of coupons C1, C4, C9 and C12. A measurement was also performed at the end of the
experiment for coupon C6 (see Section 2.2).

First, it can be seen that EIR free increases inside the channel from C1 to C12, whatever
the considered time. The additional value measured for C6 at day 109 falls also between
those obtained for C4 and C9, which validates the methodology used to obtain data for C6.
This variation is due to the ohmic drop, which increases inside the channel as the distance
from the reference electrode used to control the applied potential Eapp increases.

Secondly, it is observed that:

{EIR free(C9) − EIR free(C4)} > {EIR free(C4) − EIR free(C1)} > {EIR free(C12) − EIR free(C9)}

This shows that the ohmic drop is the highest between C9 and C4. These two coupons
are separated by the central region of the channel where the cross-sectional area is the
smallest. Consequently, the electrical resistance of the electrolyte in this part of the channel
is the highest. It must be recalled that the resistance R of a given volume of an electrolyte
with resistivity ρ is given by:

R = ρL/A (5)

In this equation, L is the length of the electrolyte volume and A its cross-sectional
area, perpendicular to the current flow (assumed uniform). For similar L and ρ, R is then
inversely proportional to A. In the main part of the channel, A = 2.5 cm2, while in the central
part, A = 0.75 cm2. The ratio between the two cross-sectional areas is then 3.3. At day 41,
the potentials are −1.046, −1.014 and −0.912 V vs. Ag/AgCl-seawater for coupons C1, C4,
and C9, respectively. This leads to {EIR free(C9) − EIR free(C4)} = 102 mV and {EIR free(C4)
− EIR free(C1)} = 32 mV, thus a ratio of 3.2 between both potential differences. Note that
the distance between C4 and C9 is larger than that separating C1 from C4, and that the
cross section area is larger in the bends, so that the theoretical ratio between both potential
differences would be actually slightly higher than 3.7.

Conversely, the cross-sectional area (and the distance L) is the same between C12–C9
and C4–C1. The associated resistance is then the same. The ohmic drop is RI and depends
on the current. The counter-electrode for CP is immersed in the “input section” of tank #1
so that the current, which flows between each coupon towards the counter-electrode, flows
inside the channel. Consequently, the current that flows in the C12–C9 section corresponds

187



Corros. Mater. Degrad. 2022, 3

to the sum of the currents required for the CP of coupons C12, C11 and C10. In contrast,
the current that flows in the C4–C1 section is the sum of all currents (except that of C1).
This explains why the ohmic drop is higher between C4 and C1 than between C12 and C9.

Note that the current that flows in the C9-C4 section is then smaller than the current
that flows in the C4-C1 section. This explains why the measured ratio between the corre-
sponding potential differences (i.e., 3.2) is smaller than the theoretical ratio only based on
the variation of the resistance R inside the channel (~3.7).

Thirdly, it is observed that the values of the potentials were initially high and decreased
with time during the first 32 days. At the beginning, the values ranged from −0.95 V vs.
Ag/AgCl-seawater for C1 to −0.6 V vs. Ag/AgCl-seawater for C9 and C12. This implies
that C1 was correctly protected as soon as CP was applied while the protection was
insufficient for C9 and C12. This could be visually appreciated as illustrated in Figure 6.
The picture was taken five days after the beginning of the experiment. Coupons C11 and
C2 clearly illustrate the effects of the increase of EIR free inside the channel. C11 is obviously
entirely covered by a rust layer, i.e., is not correctly protected, while C2 is covered by a
whitish layer, i.e., the calcareous deposit, which demonstrates that this coupon is indeed
protected against corrosion.

Figure 6. Image of the channel showing the surface of the steel coupons after 5 days of experiment.
Coupons C1 (right of the image), C4, C9 and C12 are hidden by the corresponding counter-electrode
set in the opposite side of the channel.

The potential of each coupon decreased with time during the first 32 days and stabi-
lized afterwards. At the end of the experiment, all the EIR free values were below −0.85 V
vs. Ag/AgCl-seawater, i.e., all the coupons could be considered as correctly protected
according to CP standards, e.g., [11]. This decrease in potential is due to the decrease in the
ohmic drop, which is necessarily due to a decrease in the current required for CP because
the other parameter, i.e., the resistance of the electrolyte circuit, does not vary significantly
(if at all). This decrease with time in the current required for CP is a well-known effect of
calcareous deposition [1–4]. The mineral layer hinders the diffusion of O2, decreases the
active area of the metal, and thus slows down the cathodic reaction rate.

As shown in Figure 5, the potential of C1 decreased rapidly from −0.95 to −1.03 V vs.
Ag/AgCl-seawater, and a calcareous deposit could form in a few days on its surface [3,4].
As shown in Figure 6, the whole surface of C2 was covered with such a mineral layer
after 5 days. The decrease in the current flowing from C3, C2 and C1 consequently led
to a decrease in the ohmic drop for C4 and its potential dropped from −0.75 to −0.97 V
vs. Ag/AgCl-seawater after ten days. C4 was then itself progressively covered with a
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calcareous deposit. The current required for CP decreased in turn for C4, then C5, C6 and
so on, so that the potential of all coupons finally decreased down to an acceptable value.

To illustrate the reproducibility of the results, the potentials measured at day 18 during
the three experiments (21-day experiment and two 3.5-month experiments) are given in
Table 2. It can be seen that at that time, the values measured for C12 vary significantly from
one experiment to the other. Coupon C12 is the farthest from the entry of the channel and
its behavior depends on that of each of the other coupons. However, the values finally
measured for C12 at the end of the two 3.5-month experiments were similar (about −0.9 V
vs. Ag/AgCl-seawater).

Table 2. Potential values (V vs. Ag/AgCl-seawater) measured at day 18 for each of the 3 experiments.

C1 C4 C9 C12

−1.033 −0.949 not measured −0.760
−1.015 −0.976 −0.854 −0.836
−1.034 −0.985 −0.861 −0.869

3.3. Voltammetry

The polarization curves obtained for coupons C1, C4, C6 and C9 are displayed in
Figure 7. The curve obtained for C12, very similar to that of C9, was omitted for clarity.

Figure 7. Polarization curves (log|j| vs. E) acquired at the end of the experiment for coupons
C1 (black line), C4 (red line), C6 (brown dotted line) and C9 (green line).

First, it is observed that the corrosion potential varies between −0.82 V vs. Ag/AgCl-
seawater and −0.76 V vs. Ag/AgCl-seawater, without any apparent link with the position
of the coupons inside the channel. In contrast, both anodic and cathodic parts of the curves
are shifted to higher current densities from C1 to C9. This evolution can be attributed to the
calcareous deposit, which may be more protective for the coupons that were polarized at a
lower potential during a longer time. Numerous studies devoted to calcareous deposition
on steel in seawater demonstrated that a decrease in potential, in the range between −0.85
to −1.05 V vs. Ag/AgCl-seawater, led to denser and thicker layers [3,4,12]. A longer
polarization time, at a given potential, also increases the thickness and decreases the
porosity of the calcareous layer [3,4,13].
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The anodic part of the log|j| vs. EIR free curve proved linear in any case, with similar
anodic Tafel slopes, for C4, C6 and C9, (i.e., 281, 287 and 272 mV/decade) and a significantly
different slope for C1 (220 mV/decade). As for the cathodic part, two behaviors can be
observed. In the case of C1 and C6, the polarization curve bends progressively, from Ecor to
more cathodic potentials, so that the slope of the curve becomes very small below −0.9 V
vs. Ag/AgCl-seawater. This shows that the kinetic of the cathodic reaction, i.e., mainly
O2 reduction, is strongly influenced by mass transport. Thus, the polarization curve tends
towards a diffusion plateau at the lowest potentials. In the case of C4 and C9, the influence
of mass transport is less important, and the slope of the polarization curve remains high at
the lowest potentials. This difference is thoroughly discussed in Section 4.

The cathodic reaction being partially controlled by diffusion, the polarization curves
did not obey Tafel law in the cathodic domain. Consequently, only the anodic part of the
curve was considered for an interpretation of the voltammetry results based on the Tafel
method. The anodic Tafel lines were then drawn and extrapolated down to ECP, i.e., the
final potential reached by the coupon at the end of the CP experiment. This extrapolation
led to an estimation of the corrosion current density jcor, i.e., the value jA(Ecor) of the
anodic current density at EIR free = Ecor. Similarly, the value jA(ECP) of the anodic current
density at the potential applied during CP gave an estimation of the residual anodic
current density, i.e., the residual corrosion rate, expected low, reached under CP (see
references [6–9] for more details). The obtained anodic Tafel lines, drawn for each coupon
between Ecor and ECP, are displayed in Figure 8. Using Faraday’s law, the obtained jcor
and jA(ECP) values could finally be converted to corrosion rates. All the obtained values
(potential, current density, and corrosion rate) are listed in Table 3.

Figure 8. Anodic Tafel lines deduced graphically from the anodic branch of the polarization curves,
extrapolated down to the last measured ECP value, and drawn between ECP and Ecor for coupons C1
(black line), C4 (red line), C6 (brown dotted line) and C9 (green line).

190



Corros. Mater. Degrad. 2022, 3

Table 3. Voltammetry measurements and data obtained via the extrapolation of the anodic Tafel
line down to ECP. Ecor is given in V vs. Ag/AgCl-seawater, jcor and ja(ECP) in mA cm−2, and the
corrosion rate and residual corrosion rate in μm yr−1.

Determined
Parameter (Accuracy)

C1 C4 C6 C9

Ecor (±1 mV) −0.769 −0.815 −0.762 −0.793
jcor (±10%) 5.73 × 10−4 5.85 × 10−4 31.0 × 10−4 35.0 × 10−4

Corrosion rate (±10%) 7 7 36 41
ECP (±5 mV) −1.040 −1.005 −0.977 −0.908

ja(ECP) (±20%) 0.35 × 10−4 1.21 × 10−4 5.63 × 10−4 13.5 × 10−4

Residual corrosion rate at ECP
(±20%) 0.4 1.5 6.5 16

First, as can be seen in Figure 8 and read in Table 3, the corrosion rates of C1 and
C4, almost identical, are significantly lower than those of C6 and C9, which are quite
similar. This effect can be attributed to the calcareous deposit [4], which constitutes a more
protective barrier against corrosion for coupons C1 and C4 polarized at lower potentials
than C6 and C9 all through the experiment (see for instance Figure 5 to compare C1 and
C4 with C9). The corrosion rate estimated for C1 and C4, i.e., 7 μm yr−1, is actually very
low, which indicates that the calcareous deposit provides an efficient protection against
corrosion, at least a short time after the interruption of CP. Besides, it cannot be excluded
that the increase of the interfacial pH promoted the formation of a nanometric passive or
pseudo-passive layer on the steel surface.

The estimated residual corrosion rate increases from C1 to C9. As illustrated by
Figure 8, this rate is not only linked to the ECP values, but also to the respective positions
of the anodic Tafel lines. Let us consider C6 and C9. In this case, the anodic Tafel lines
are close but the ECP value of C6 is significantly lower than that of C9. Consequently, CP
is more efficient for C6 because the potential of this coupon is more cathodic. If we now
compare C6 with C4, we can see that the ECP values are not so different, but the anodic
Tafel line of C4 is located at much lower current density values. In this case, CP is more
efficient for C4 mainly because of the positioning of its anodic Tafel line. As explained
earlier, the decrease of both anodic and cathodic current densities is due to the calcareous
deposit. In other words, at the end of the experiment, CP was more efficient for C4, if
compared to C6, because C4 had been previously polarized at a lower average cathodic
potential, which had led to the formation of a more protective calcareous deposit (and
maybe a more protective nanometric pseudo-passive layer). In the case of coupon C1, the
anodic Tafel slope, different from that characteristic of coupons C4, C6 and C9 (Figure 8), is
another factor that explains the very low residual corrosion rate (Table 3).

3.4. XRD Analysis

The XRD patterns obtained for coupons C7 and C9 are displayed in Figure 9.
In any case, the surface of the coupons, once extracted from the experimental device,

was gently rinsed with deionized water. For the coupons covered with a fluffy layer of
orange corrosion products (C11 and C12 for instance, see Figure 6), this rinsing removed
most of the corrosion products. These products were analyzed separately and consisted
mainly of lepidocrocite γ-FeOOH (data not shown).

Therefore, the XRD analysis reveals only the nature of the mineral layer formed on the
steel surface below the orange corrosion products (if present). For all coupons, this mineral
layer proved to be composed only of aragonite CaCO3, as illustrated for C7, C9 and C10
in Figure 9. This is consistent with previous works dealing with calcareous deposition on
steel immersed in seawater under cathodic protection [1–4].
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Figure 9. XRD analysis of coupons C10, C9 and C7. The diffraction lines of aragonite are denoted
with the corresponding Miller index. H = main diffraction line of halite (NaCl).
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When compared to the corresponding ICDD-JCPDS file, it appeared that the aragonite
crystals exhibited a preferential orientation, revealed by an increased intensity of the 012
diffraction line. This phenomenon proved much more pronounced for coupons C5–C8, i.e.,
for the coupons set in the smaller part of the channel. The XRD pattern of coupon C7,
compared to those of C9 and C10 in Figure 9, clearly illustrates this result.

4. Discussion

The experimental device was designed so that, inside a channel of small dimension
filled with seawater, the ohmic drop could be important. As a result, the coupon C12 set
the farthest inside the channel had an initial potential, corrected from ohmic drop, equal
to EIR free = −0.61 V vs. Ag/AgCl-seawater. The applied potential was equal to −1.06 V
vs. Ag/AgCl-seawater, so that the ohmic drop was 0.45 V for C12. At the beginning,
coupon C12 was not protected. Its potential however decreased during the first month
and remained constant at EIR free = −0.91 ± 0.01 V vs. Ag/AgCl-seawater from day 32 to
day 109. The decrease observed in the first month is the consequence of the formation of a
calcareous deposit on the surface of the coupons located close to the channel entry, which
were correctly protected as soon as CP was applied. For instance, the initial value of the
potential was EIR free = −0.95 V vs. Ag/AgCl-seawater for C1. Because of the progressive
formation of the calcareous deposit, the ohmic drop decreased with time, allowing more
and more coupons to be correctly protected and covered with a calcareous deposit.

At day 28, when the seawater flow inside the channel was interrupted, pH measure-
ments demonstrated that the pH was increasing inside the channel, from C4 to C7 to C9
(Section 3.1). Because the interfacial pH is linked to the cathodic reaction rate, this result
shows that the cathodic current density was increasing from C4 to C7 to C9. The already
mature calcareous deposit formed on the surface of C4 implied a strongly decreased current
demand. In contrast, the potential of C9 had just reached its minimal value approximately
at day 28 (see Figure 5), which implies that the current demand was important. The deposit
formed on C9 at higher average potential was moreover less “efficient” than the deposit
formed on C4.

A steady state could, however, be reached for the whole system, approximately
at day 32. This result shows that, once the deposit has formed on each coupon, and
reached its “final” state (in terms of thickness and porosity), the current demand from each
coupon became constant. The overall current flowing at a given position in the channel
remained constant and the ohmic drop could not decrease any further. This means that the
potential reached by the coupons located far inside the channel, i.e., C9–C12, could have
been modelled through a theoretical computational approach only if the influence of the
calcareous deposit forming on each coupon could have been modelled. Even though the
modelling of calcareous deposition was already reported [13,14], this seems challenging in
the present case because the effects of the calcareous deposit depend on the potential of
the metal, which, in this particular problem, depends itself on the properties of the deposit
formed previously on other coupons.

Moreover, coupon C6 set in the smaller part of the channel, though following the same
trend observed for other studied coupons (C1, C4, C9 and C12), was characterized by two
specific features. The first one relates to voltammetry: the cathodic part of the polarization
curve for C6 differs from that of the polarization curves of C4 and C9. Secondly, as for
the other coupons in the smaller part of the channel, XRD revealed a strong preferential
orientation of the aragonite particles constituting the calcareous deposit. It can then be
forwarded that the properties of the deposit formed on C6 differed from those of coupons
C4 and C9. In the smaller part of the channel, the flow velocity was higher (up to 10 cm s−1

according to the measured flow rate), which is known to have an impact on calcareous
deposition [4,12].

The efficiency of CP, assessed via voltammetry experiments, was observed to be
associated not only to the cathodic level reached by a coupon at a given time, but also to
the previous level of CP, that governs the protective efficiency of the calcareous deposit.
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This last point is also illustrated by the low corrosion rates estimated for coupons C1 and
C4 when CP was stopped (i.e., at E = Ecor). This protective ability was already observed
to be important for aragonite layers [15]. It may also be partially due to the formation
of a passive or pseudo-passive layer at the steel surface, favored by the increase of the
interfacial pH. Such a layer would have more likely formed on the coupons polarized at the
lowest potentials, and thus typically on coupon C1. This could explain the typical features
of the polarization curve of coupon C1 (see Figures 7 and 8), i.e., a slightly different anodic
Tafel slope and (ii) a stronger effect on O2 diffusion in the cathodic domain (with respect to
C4 and C9).

5. Conclusions

- This study demonstrated that reliable experimental data were important to under-
stand, model and predict the behavior of steel structures involving complex geome-
tries and seawater pathways with small dimensions. It emphasized the crucial role of
calcareous deposition in the expansion of CP inside the meanders of the system.

- The formation of the deposit on the coupons located at the entry side of the channel
induced a decrease of the current demand for these coupons, thus a decrease of the
ohmic drop for the coupons located farther in the channel. After one month, all the
coupons were correctly protected, with a potential lower or equal than −900 mV vs.
Ag/AgCl-seawater in any case.

- The CP efficiency proved linked to the physical and chemical properties of the deposit.
The residual corrosion rate under cathodic protection varied in the present case from
<1 μm yr−1 to 16 μm yr−1, depending not only on the potential reached by the coupon
at the end of the experiment (between −900 and −1040 mV vs. Ag/AgCl-seawater),
but also on the properties of the calcareous deposit formed on the steel surface.

- For the coupons polarized at the lowest potential for the longest time (e.g., C1), the
beneficial influence of a nanometric passive or pseudo-passive layer at the steel surface,
favored by the increase of the interfacial pH, is forwarded.
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