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Abstract
Aluminum-copper casting alloys have relatively high strength and hardness,
fatigue and creep resistances and good machinability, all of each are dependent on the
copper content of the alloy. The Al-Cu casting alloy (4.2-5.0 wt% Cu), known as B206,
is a potential candidate material for use in marine applications where good mechanical
properties and high strength to weight ratio is desired. These properties are ideal for
components of tidal-based energy generating systems. However, corrosion continues to
be an issue. This dissertation presents and discusses the results of several electrochemical
and microstructural investigations conducted on B206, contributing to a further
understanding of the fundamental corrosion processes. Applications of this research are
strongest within the marine industry field, yet are extendable to other infrastructural and
engineering applications such as aerospace and military.
Results of this work elucidate the mechanism of localized corrosion of B206
alloy in seawater. Focused ion beam (FIB) used to determine the subsurface
microstructure at local attack sites within the corroded area reveals that localized
corrosion is propagated where continuous particles are buried beneath the surface.
Propagating away from the initiation sites, corrosion develops preferentially along the
grain boundary network beneath the alloy surface. Retrogression and re-aging (RRA) of
the alloy to modify the grain structure and render uniform the distribution of the second
phase is revealed not to have a substantial effect on the corrosion susceptibility of the
alloy.
However, Electrochemical Impedance Spectroscopy (EIS) and Mott-Schottky
tests support the feasibility of implementing anodizing and possibly anodic protection
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systems for B206 in specific service environments. EIS was also used to determine the
effect of cathodic protection (CP) on coated B206 and reveals that its corrosion
resistance with CP is superior to the situation without CP and, therefore, that the coating
is compatible with CP.
Due to its use in the as-cast state, the effect of casting porosity on the corrosion of
B206 was investigated using a pencil electrode method. Results reveal that the corrosion
can be attributed to the local chemistry inside the pores (conductivity and potential at the
bottom of pores).
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Lay Summary
The investigated material throughout this thesis was B206, a high strength
aluminum-copper casting alloy. B206 is a potential candidate material to be used as the
hub component in hydrokinetic energy generating systems due to its good mechanical
properties and high strength to weight ratio. However, the marine environment is very
corrosive and corrosion of this material is an issue. At present, data regarding the
corrosion properties and protection systems for B206 are not available. Therefore, the
motivation behind this project was to first enhance the understanding of the mechanism
of localized corrosion for B206 in seawater and then to investigate the feasibility of
various corrosion control methods at different environmental conditions. The results of
this study contribute toward improving the corrosion resistance and the effectiveness of
B206 in practical applications.
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1. Introduction
Aluminum casting alloys have seen service in marine applications, where high

strength, good mechanical properties and better resistance to corrosion are desired. These
properties are ideal for components of tidal-based energy generating systems. From a
materials performance outlook, a critical component in such systems is the hub that must
be able to transfer the load from the turbine blades to the shaft of the generator.
Aluminum–copper casting alloys offer great mechanical properties, such as high strength
and hardness, low-cycle fatigue and creep resistances and good machinability [1–6]. The
first and most widely used aluminum alloys are those containing 4–10 wt.% copper [4].
The Al-Cu alloy (4.2 wt% to 5.0 wt% Cu), known as B206, is one of the strongest and
toughest aluminum casting alloys [7,8]. Hence, further research into the potential of high
strength B206 alloy as components of marine hydrokinetic clean energy systems and its
reliability and integrity in marine environment is undoubtedly of great importance to
governments, energy companies, the general public, and the environment.

Impact of B206 corrosion and protection studies
Of the many reasons for and contributors to localized corrosion mechanism,
microstructural features play a very significant role. It is generally understood that the
corrosion of wrought Al-Cu alloys relates to the composition and distribution of a range
of intermetallic particles such as Al2Cu, Al2CuMg, and AlCuFeMn [4,7,9–27]. These
intermetallic particles are normally considered to be the initiation sites for localized
corrosion as a result of the galvanic coupling between them and the surrounding matrix
[20]. When the particles form clusters, then stable pitting can develop from the cluster
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[28]. The most frequent form of localized corrosion in seawater for aluminum alloys is
pitting corrosion. Experience shows that when pitting corrosion occurs, it will develop
through the first weeks of exposure [2]. Intermetallic particles may also increase the
susceptibility of the alloy to intergranular corrosion (IGC) as a result of their precipitation
at the grain boundaries [29]. Localized corrosion around intermetallic particles in
wrought aluminum-copper alloys has been an area of intense interest; however, there are
no public data on the diversity of the intermetallic particles and their effects on the
localized corrosion mechanism of cast aluminum-copper alloys. Investigation on the
effect of subsurface microstructure at local attack sites would also be of importance to
comprehensively understand the mechanism of propagation of the localized corrosion.
Therefore, investigation of the effect of microstructure as it pertains to the corrosion
behavior of B206 in marine environments will shed lights on the mechanism of corrosion.
It will also provide valuable information on the possible thermal treatments to modify the
grain structure and distribution of the second phase throughout the grains, which may
result in better corrosion properties of the B206.
Defects, such as casting porosity, may also increase the weight loss by increasing
the real exposed surface area compared to the geometric surface area or by increasing
localized corrosion associated with the breakdown of the passive film. Two samples
identical in every way except porosity may exhibit very different corrosion characteristics
[30]. The limited interchange of the solution inside the pores with that outside the pores
might also increase the corrosion rate [30,31]. The study of the effect of casting defects
on the corrosion behavior of B206 is a new area of research, particularly as it is linked to
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the changes in local chemistry inside the defect i.e. the porosity (a major casting defect)
has not yet been evaluated in terms of its impact on corrosion.
Mechanistic information aside, it is generally known that bare Al alloys will
corrode in seawater. One of the protection methods for Al alloys is the use of the passive
region within its own electrochemical behavior to create a protective passive layer. This
can be done through anodizing the surface before installation in the marine environment,
or by ensuring the continuous incidence of a passive condition with an anodic protection
system [32]. A combination of protective coating(s) and cathodic protection is another
effective and economical method of protection [33,34]. On such a coated structure
subjected to cathodic protection, the metal surface at the bottom of the coating defects
and pores is protected by the cathodic current. However, application of cathodic
protection would enhance coating failure, such as coating disbondment [33]. Therefore,
the protection effect will only be obtained if the cathodic protection system is compatible
with the chosen coating. Studies on this topic would advance our knowledge of the
practical considerations needed for in service conditions.

Relevance of this research to tidal energy systems
Currently, various technologies are utilized to harvest electricity from marine
currents. Tidal energy has two major advantages as compared to wind and solar
technology: good predictability based on the gravitational force of the moon and high
energy density. Early tidal-energy capture systems, such as Nova Scotia’s Annapolis
Royal Generating Station, were based on direct adaptation of conventional hydroelectric
dam technology in which movable floodgates allowed the incoming tide to fill a
reservoir and the outgoing tide to turn electrical-generating turbines [35]. Newer
3

hydrokinetic technologies focus on the placement of underwater devices in tidal-current
channels using technology based on wind turbines. A critical component in these
systems, from the standpoint of materials performance, is the hub that transfers load from
the turbine blades to the shaft of the generator. Potential candidate materials include
aluminum, titanium, and steel alloys, and carbon-fibre based composites. Of these,
aluminum alloys provide good cost-to-performance benefits assuming that a shape
casting process can be used and the component lifetime can be optimized. In contrast, the
cost-of-materials and manufacturing difficulties for titanium and composites remain too
great for cost-effective energy generation. In addition, it remains unclear whether
composite materials can even withstand the harsh aqueous environment seen by tidal
turbines. For example, a wind-derived prototype placed in New York’s Hudson River in
2007 used composites as rotors and connectors. After six months, the connectors failed
due to the marine environment and were replaced with a cast aluminum alloy [36]. Thus,
further research into the potential of high strength aluminum alloy castings as
components of marine hydrokinetic clean energy systems is warranted.

Material properties of B206
In the aluminum foundry industry, the high-strength aluminum-copper 206 alloy
offers new opportunities for design engineers to create products that are lighter in weight.
The mechanical properties of 206 are comparable to those of cast iron and carbon steel
[7,8,37], which makes this alloy very attractive as a substitute material where improved
strength-to-weight ratio together with a high toughness are the major design goals.
However, due to limitations associated with stress-corrosion, only T4 and T7 tempers are
currently available for 206. The T4 temper offers maximum toughness and a very high
4

ductility. The T7 temper, on the other hand, may be applied when the maximum strength
and hardness is required.
Alloy B206 is a recently developed variant of 206 which is grain modified to
enhance its mechanical properties [38–40]. The B206 alloy contains a lower amount of Ti
as compared to the 206 variant, which in turn, improves its response to Ti-B based grain
refiners and renders it less susceptible to hot tearing [40]. The properties of the B206
alloy are given in Table 1-1.
Table 1-1: Mechanical properties of alloy B206 [40]

Elastic Modulus

Shear Modulus

Tensile Strength

Yield Strength

Shear Strength

68.9 GPa

26.9 GPa

400 MPa

360 MPa

300 MPa

A comparison of the strength and ductility of other foundry aluminum alloys
against the cast alloy B206 as a function of the secondary dendrite arm spacing (SDAS)
is shown in Figure 1-1. The graph clearly shows a superior strength and toughness of
B206 for both T4 and T7 tempers compared to the common Al-Si-Cu and Al-Si-Mg alloy
families.
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Figure 2. Comparison of the mechanical properties of various foundry Al alloys as a function of the secondary
dendrite
arm
spacing [4].
Figure 1-1: Comparison
of the
mechanical
properties of various foundry Al alloys [40]

5. Hub Design
5.1. Locking Device Selection
The locking device is used to connect the hub to the shaft. Given the shaft OD from Table 1
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Motivation
This dissertation focuses on the corrosion behavior of an Al-Cu casting alloy (4.2
wt% to 5.0 wt% Cu), known as B206, in seawater. The broad motivation behind this
research is the advancement of a fundamental understanding of the microstructural
influences on B206 localized corrosion mechanism. The information gained from this
analysis would allow for use in through-process models that ultimately result in better
components. The marine environment is one of the most corrosive and diminishment of
structural integrity is directly linked to corrosion. Hence, improving the corrosion
resistance of B206 by applying different methods such as heat treatment, anodizing and a
combination of coating and cathodic protection is also studied. This research is geared
toward the marine industry, however, understanding the corrosion of aluminum-copper
alloys in aqueous chloride solutions and low temperatures with and without further
protection is of benefit in numerous other applications. This includes the automobile,
aerospace and military industries.
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2. Literature review
Aluminum–copper casting alloys have relatively high strength and hardness,

fatigue and creep resistances and good machinability, all of which are dependent on the
copper content of the alloy [1–6]. The first and most widely used of these aluminum
alloys were those containing 4–10 wt.% Cu [4]. The Al-Cu alloy (4.2 wt% to 5.0 wt%
Cu), known as B206, is one of the strongest and toughest aluminum alloys, and exhibits
high strength produced by precipitation hardening, good low-cycle fatigue properties, and
excellent ductility [7,8]. B206 has a number of potential benefits in engineering
applications, such as reducing the weight of important aerospace [8]. It is also a potential
candidate material for use in marine applications where good mechanical properties and
high strength to weight ratio are desired [41]. The high strength in the 206 alloy (436
MPa tensile stress in T7 condition [1]) is achieved by the presence of copper as an
alloying element. These properties are ideal for components of novel tidal-based energy
generating systems. However, corrosion continues to be an issue.
The following is a review of previous studies on the corrosion process of
aluminum alloys in chloride containing solution. Investigations of microstructural
dependence of initiation and propagation of the localized corrosion, casting porosity
effects and alloy modifications such as thermal treatments, anodizing and a combination
of coating and cathodic protection (CP) are discussed due to their influence on corrosion
processes and, ultimately material integrity.

Microstructure dependence of localized corrosion in Al alloys
It is well known that alloying elements are added to aluminum to improve
mechanical properties such as the strength and toughness [1]. These alloying elements in
7

the bulk alloy are usually present in concentrations far exceeding their equilibrium
solubility under solid conditions. Therefore, exposure to elevated temperatures during
solidification and heat treatment leads to the formation of precipitates and a
heterogeneous structure [1,4,42]. It is generally understood that the corrosion of Al-Cu
alloys relates to the composition and distribution of a range of intermetallic particles such
as Al2Cu (θ phase), Al2CuMg (S-phase), and AlCuFeMn [10–21,43–45]. Intermetallic
particles are generally considered to be the initiation sites for localized corrosion as a
result of the galvanic coupling between them and the surrounding matrix [20]. When the
particles form clusters, then stable pitting can develop from the cluster [28]. Intermetallic
particles may also increase the susceptibility of the alloy to IGC as a result of their
precipitation in the grain boundaries [29]. Intermetallic particles can be classified into
two groups: cathodic particles consist of noble elements (such as Cu and Fe) and anodic
intermetallic particles with active elements (such as Mg, Zn and Li). Intermetallic
particles that are cathodic with respect to the matrix are frequently found to be
surrounded by a thin, peripheral zone of matrix which has been dissolved. This type of
localized attack is known as trenching [20]. Figure 2-1 shows a typical trenching around
the periphery of the AlCuFeMnSi type intermetallic particle after 120 min exposure to
0.1 M NaCl solution [20].
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Figure 2-1: Secondary (left) and Backscattered (right) electron images of (Al,Cu) x(Fe,Mn)ySi intermetallic
particle in AA2024-T3 alloy after 120 min exposure to 0.1 M NaCl [20]

Regarding the intermetallic particles in AA2024 alloys, a paper by Buchheit et al.
[15] is often used as a guide. They characterized the second-phase particles greater that
0.2 µm by size and those with diameter greater that 0.5 to 0.7 µm by chemistry in
AA2024-T3 alloy. They suggested that the majority of the particles in 2024-T3 are the S
phase rather than θ phase. The small and round S-phase particles were found to be
approximately 60% of the particles by number, which corresponded to 2.7% of the total
surface area. They have also reported a range of compositions including Al7Fe2Cu,
Al6Mn, (Al,Cu)6Mn, and a number of undetermined compositions in the class of
Al6(Cu,Fe,Mn). The S-phase is active to the matrix, and it was suggested that first Mg
and then Al dissolve out of the S-phase particles and leave behind Cu-rich remnants. In
the other more recent compositional studies Boag et al. [46] and Hughes et al. [47]
reported a variety of intermetallic particles with different compositions in AA2024-T3.
They stated that the microstructure of AA2024-T3 is very complicated: it displays
multiphase particles, periphery phases around composite particles, and clustering. Boag
et al. [46] stated that approximately 40% of the total numbers of intermetallic particles
9

are anodic with respect to the surrounding matrix in AA 2024-T3 alloys, while the
remaining 60% of particles are cathodic. However, the reason for this difference with an
earlier report by Buchheit et al. [15] was not clear. The second and third most common
particles were the Al-Cu-Mn-Fe (e.g. Al6(Cu,Fe,Mn)) and Al-Cu-Fe type particles (e.g.
Al7Cu2Fe), respectively. They also discovered that the intermetallic particles usually
contain multiphase phases and periphery phases around them and, therefore, the shapebased classification of the particles might not be accurate to categorize them as the anodic
or cathodic particles. Figure 2-2 shows a backscattered image and corresponding
schematic of a particle with surrounding periphery zone.

Figure 2-2: (Top) Backscatter image of an intermetallic particle and its periphery zone and (bottom)
corresponding schematic for the backscatter image [46]
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Hughes, et al. [47] analyzed 82000 compositions in approximately 18000
intermetallic particles in AA2024-T3. They reported nine different compositions
including the matrix and a periphery composition around S-phase/θ-phase composites as
well as other intermetallic particles containing Al, Cu, Fe, Mn, and Si. The consequences
of these different microstructures on the corrosion resistance are not clear.
Other reports [16,20,45,48,49] have shown that for S-phase particles, which
contain both active elements of Al and Mg and the more noble element Cu, the
preferential dissolution of Al and Mg leads to an increase in the concentration of Cu in
these particles which is the cause of their subsequent cathodic behavior. Therefore,
initially, S-phase particles corrode quickly by dealloying leaving behind a sponge like
Cu-rich remnant. After conversion to cathodic Cu-rich remnants, corrosion will continue
by the dissolution of the matrix in the vicinity of the particle and trenching. The
schematic of this mechanism can be seen in Figure 2-3 [50]. These Cu-enriched particles
along with other cathodic particles then caused severe subsurface grain boundary attack
[51].

Figure 2-3: Schematic dealloying and subsequent trenching of the S-phase in AA2024 alloy [50]

However, when the intermetallic particles are cathodic with respect to the matrix
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the adjacent matrix will dissolve at the particle/matrix interface, which results in
trenching in the vicinity of the particle [45,50]. This mechanism is shown in Figure 2-4.

Figure 2-4: Schematic trenching of the intermetallic particle containing noble elements and trenching [50]

Boag et al. [52] studied the establishment of stable pits on AA2024-T3 containing
a variety of intermetallic particles in 0.1 M NaCl solution. They noticed that there was
localized attack of S-phase particles or their remnants and of the adjacent Al-Cu-Fe-Mn
particles at their centers. They pointed out that the presence of the Al-Cu-Fe-Mn
intermetallic in the vicinity of the S-phase remnants suggests the electrical coupling of
the two particles which leads to establishment of the stable pit site. Based on the obtained
results, they proposed a model where the coupling between the anodic and cathodic
intermetallic particles explained the formation of the stable pits (Figure 2-5).
Phase I in Figure 2-5 shows neighboring intermetallic particles with different
electrochemical characteristics. Al-Cu-Fe-Mn particles are cathodic with respect to the
matrix leading dissolution of the matrix in their vicinity and trenching. In Phase II, the Sphase particles have undergone through dealloying leaving behind a sponge like Cu-rich
remnant. Cu-rich remnants act as cathodes which, again, results in trenching and,
therefore, stable pit formation. In Phase III, the increased cathodic activity leads to
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further attack on nearby anodic sites such as the grain boundary leading to propagation
into the alloy and subsurface attack. Therefore, the distribution and clustering of
intermetallic particles would also affect the corrosion process as well as their composition
(which in turn also affects the corrosion process).

Figure 2-5: Model of how coupled intermetallic particles contribute to the establishment of the stable pits
in AA2024-T3 alloy [52]

In another work, Zhang and Frankel [10] studied the transition between pitting
and intergranular corrosion in AA2024 in 1M NaCl solution and determined the
13

breakdown potentials associated with pitting and intergranular corrosion. They reported
that when two breakdown potentials were observed, the more active of the two was found
to be related to the transient dissolution of S phase Al2CuMg particles leading to pitting
while the least noble of the two was thought to result primarily from initiation and growth
of IGC.
In addition to the time of exposure, the galvanic relations between the matrix and
intermetallic particles seem to change as environmental conditions are altered. For
instance, Al20Cu2Mn3 is cathodic with respect to the matrix at room temperature.
However, it becomes anodic as temperature increases to 50 °C, displaying a dealloying
behavior such as it is usually seen for the S-phase [45].
Thus, there appears to be a difference in the mechanism of attack for any two
different microstructures. The compositional differences observed in the aforementioned
studies alone suggest that, to have a better understanding of the corrosion properties for a
given material, the correlation between the composition and distribution of the
intermetallic particles and the mechanism of localized corrosion should be further
investigated. While the localized corrosion around intermetallic particles in wrought
aluminum-copper alloys has been an area of intense interest, there are no public data on
the diversity of the intermetallic particles and their effects on the localized corrosion
mechanism of cast aluminum-copper alloys. Furthermore, studies on the effect of
subsurface microstructure at local attack sites would advance our understanding of
localized corrosion propagation.
As already reviewed, the composition and distribution of intermetallic particles
play an important role in the corrosion of Al-Cu alloys. Therefore, heat treatment of the
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alloy to modify the grain structure and distribution of the second phase throughout the
grains might result in better corrosion properties. The mechanical properties and
corrosion resistance of aluminum alloys are dependent on the heat treatment process [53].
Variations in the thermal treatments are known to affect the corrosion resistance of
aluminum alloys due to significant changes in the microstructure [2]. The first step in the
heat treatment of Al alloys is a high temperature solution treatment that allows the
alloying elements i.e. Cu, Mg, etc. to dissolve homogeneously into the solid solution.
After solution treatment, the alloy is quenched into water/oil to trap the dissolved
alloying elements at concentrations beyond their solid solubility limits. With time under
ambient conditions (natural aging process) or if the aging is done at a temperature below
220 °C (artificial aging), some of the supersaturated copper combines with vacancies to
form extremely fine disk-shaped precipitates, called GP zones. The homogeneous
distribution of these precipitates improves the mechanical strength of the alloy [54].
During subsequent artificial aging (heating the water quenched alloy at temperatures
above room temperature), precipitates form at grain boundaries, where diffusion is more
rapid. As a consequence, the supersaturated copper is depleted along the grain
boundaries, which become anodic with respect to the higher copper metal in the centers
of the grains and leads to corrosion failure [55]. It has been reported that the pitting
potential of aged Al-4wt%Cu was 0.1V lower than that of the water quenched alloy [11].
At longer artificial aging times the supersaturated copper in the center of the grains is
consumed by the growing precipitates, and the compositional difference in dissolved
copper between the grain boundary and grain center disappears. The material once again
becomes resistant to corrosion [55]. Castings subjected to long aging times or simply
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higher aging temperatures are said to be over-aged and are designated to be in the T7
temper. However, it has been reported that the strength of the over-aged aluminum alloys
(7xxx series) is decreased by 5% to 10% [56,57]. Figure 2-6 shows the Al-rich side of the
equilibrium Al-Cu phase diagram.

Figure 2-6: Al-rich corner of the Al-Cu phase diagram showing the metastable solvus boundaries for GP
zones, θ" and θ', together with the equilibrium solvus line for the phase [54]

It has been proposed [42,54] that the decomposition sequence in this system
contains one or more of the following processes:
Supersaturation Solid Solution → GP zones → θ" → θ′ → θ

{E- 2-1}

Various steps in this process may be suppressed by aging at temperatures close to
or above the solvus temperatures. To simultaneously maintain high strength and improve
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the corrosion resistance of aluminum alloys, an alternative heat treatment process has
been employed: it is referred to as Retrogression and Re-aging (RRA) treatment [57].
The RRA treatment involves heating the material to high temperature below the
solvus line for a short period of time. This step of the process is called retrogression. The
material is then re-aged back to its peak strength, and to improve corrosion resistance, by
performing artificial aging. This process was first reported by Cina [58] in 1974 and has
been shown to enhance the corrosion resistance of 7xxx series aluminum alloys (Al-ZnMg-Cu) while maintaining the strength at levels of the T6 condition [59]. The artificial
aging causes uniform distribution of precipitates within the grains, which may improve
the corrosion resistance of the material. Previous reports have pointed out the occurrence
of different reactions during the RRA process and have identified a mechanism of stress
corrosion cracking (SCC) resistance [26,27]. The microstructural features such as
precipitate free zones (PFZ) adjacent to the grain boundaries, dispersion of precipitate
particles along grain boundaries and solute concentration in the grain boundaries have
been reported to increase the susceptibility to SCC. Several studies [22,23,26] have
reported that the main microstructural changes during retrogression in 7xxx series alloys
are the partial dissolution of GP zones and formation of fine η´ MgZn2 precipitates in the
aluminum matrix that are re-precipitated during the re-aging, while the η (MgZn2)
precipitates at the grain boundaries are allowed to form and grow. The microstructure
resulting from the RRA is a very fine distribution of η´ MgZn2 in the aluminum matrix
grains while η (MgZn2) precipitates at the grain boundaries distributed similarly to the T7
temper. Therefore, the RRA heat treatment provides for large grain boundary precipitates
and coherent matrix precipitates which are responsible for enhanced SCC resistance and
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high strength, respectively, in 7xxx series aluminum alloys [62]. As it is mentioned
above, there are many investigations that agree on the beneficial effect of RRA treatment
on the SCC resistance of 7075 aluminum alloys. However, in 1982, Swanson et al. [63]
stated that the SCC resistance of the RRA 7075 is no better than the conventional T6
temper. They evaluated the SCC behavior of 7075 in 3.5% NaCl solution at 50 °C on
notched samples. They emphasized that the RRA samples resistance to initiation of the
crack is better than the T6 samples, however they had the same resistance to the
propagation of the crack. Therefore, RRA heat treatment was suggested to be used with
caution in that it might not afford the properties it was intended to confer.
To date, only a few reports, such as [8,64], have investigated the effects of RRA
heat treatment on the corrosion behavior of B206. Singh [64], in a thesis, employed
different heat treatments including T7 and RRA (at different temperatures and times) on
B206 and investigated the changes in hardness and corrosion behavior to optimize both
the mechanical properties and the corrosion resistance in seawater. Based on hardness
and potentiodynamic polarization tests, Singh concluded that RRA heat-treated alloys
possessed better mechanical properties with slightly lower corrosion current densities
than T7 samples. However, he did not employ other useful electrochemical methods to
examine the changes in the corrosion behavior of the RRA heat-treated B206 alloy;
whilst again, comparatively little is known regarding the corrosion response of RRA
B206 in seawater solution.

Improving the corrosion resistance of Al-Cu alloys
Increasing use of aluminum alloys in seawater has promoted further research into
their corrosion behavior under conditions relevant to the marine industry. The effect of
18

oxygen on the corrosion rates of active-passive metals, such as aluminum, can be quite
variable. It has been reported that for these alloys, high oxygen concentrations tend to
promote healing of the passive film and thus retard the initiation of pitting corrosion [6].
Conversely, high oxygen also favors a vigorous cathodic reaction and tends to increase
the rate of pit and crevice propagation after initiation [6]. Additionally, the relatively low
and constant temperature (changing from 2 to 12 °C) of seawater, especially in deep
layers, is another factor for the large variance in the corrosion behavior of aluminum
alloys [65]. It has been pointed out in previous reports that the effects of DO on the
corrosion rate are often stronger than those of temperature [6]. Nevertheless, there is a
lack of publicly available information for the detailed corrosion behavior of B206 in
seawater.
As it is mentioned in section 2.1, variations in thermal treatments are known to
affect the corrosion resistance of aluminum alloys because of the changes brought about
in microstructure [2]. However, further protection is necessary to limit corrosion rates to
acceptable levels.
One of the protection methods for Al alloys is the use of the passive region within
its own electrochemical behavior to create a protective passive layer. This can be done
through anodizing the surface before installation in the marine environment, or by
ensuring the continuous incidence of a passive condition with an anodic protection
system [32]. Anodized aluminum or aluminum alloys have been shown to exhibit an
excellent resistance to localized corrosion compared to their as-received counterparts,
especially in aqueous neutral chloride solution [66]. The thickness, porosity, breakdown
resistance, and semi-conductive behavior of the anodized passive layer are all important
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properties which determine its performance in preventing further corrosion.
EIS is one of the techniques used for characterizing the passive layer(s) formed on
different passivating alloys [67–69]. The use of EIS for this purpose can be divided into
primary and more advanced analysis methods. A primary method of characterizing
passive layer behavior is through single-stage modelling of the charge-transfer resistance
in the electrochemical system, which provides a direct correlation to the bulk corrosion
rate occurring on the alloy surface [70,71]. On the other hand, secondary or advanced
methods involve two or more stages of modelling of the EIS spectra to yield estimates of
more specific parameters such as passive layer thickness [72–75].
The protective performance of a passive layer against corrosion is linked with its
electronic properties. This correlation has been established over a broad range of metal
alloys, including aluminum [76], nickel [77], copper [78], and common iron-based alloys
such as carbon steel [79–81] or stainless steel [82,83]. Therefore, methods which can
study the electronic properties of passive films can ultimately characterize the
protectiveness of passive layer(s), yielding relatively comparable trends to the results of
EIS and other fundamental electrochemical methods. The Mott-Schottky technique is
commonly used in identifying the semiconductive properties of thin films by measuring
electrode capacitance as a function of potential [84,85].
These findings highlight the need for more investigations to characterize the
corrosion protection performance and identify the donor density of the passive layer
formed on anodized B206 in seawater at different temperatures.
As mentioned above, investigating corrosion protection methods for Al alloys in
marine environments remains very important. Cathodic protection (CP), which is
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generally accomplished by using sacrificial anodes or impressed current [86], has been
the primary corrosion control methodology for the submerged portion of offshore
structures and pipelines for the past 60 years [87]. In impressed current systems, a source
of direct current is applied using a power supply and an external anode located some
distance away but having an electrical connection to the protected structure. It is
generally understood that the current required for the cathodic protection of aluminum
alloys in seawater is about an order of magnitude lower than steel, which has been
attributed to the formation of the oxide film [88]. In 1989 Gundersen and Nisancioglu
[88] studied the cathodic protection of 3 different aluminum alloys at a range of
potentials (E = −0.8, −0.9, −1.0. −1.1, −1.2 and −1.3 VSCE) in seawater. They emphasized
the effect of intermetallic compounds in the cathodic protection process as follows:
oxygen reduction and hydrogen evolution reactions happened at the surface of the
cathodic intermetallic particles and lead to an increase in the local pH (and subsequently
a decrease in the protectiveness of the oxide film) and corrosion of the adjacent matrix.
The trenches that formed between the particle and the surrounding matrix became filled
with Al(OH)3, which electrically isolated the particle from the metal substrate. Therefore,
both anodic and cathodic processes were slowed, which favored the formation of the
protective oxide layer on the matrix surface facing the detached particle. Thus, they
concluded that cathodic protection of aluminum alloys removes most of the cathodic
intermetallic particles from the surface without exposing fresh particles from the
underlying matrix. The formation of a more continuous insulating oxide leads to an
improved passivity and low current densities.
A combination of protective coating and cathodic protection is the most effective
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and the most economical method of protection [33,34]. The benefits of utilizing a CP
system in conjunction with an appropriate coating system have been recognized since
1950 [89]. The current necessary for CP is significantly decreased in such systems and a
substantial power saving is expected [90]. However, it should be noted that the protection
effect will be obtained only if the cathodic protection system is compatible with the
chosen coating [33]. Large voltages can have disadvantages such as coating disbondment.
Disbondment occurs when moisture penetrates a coating and hydrogen is generated at the
metal surface beneath the coating [6]. Coating disbondment is recognized as a major
corrosion threat, and is commonly associated with several forms of localized corrosion
[34]. Coating disbondment commences normally at coating defects where the
electrochemical reactions involve an anodic reaction in which the exposed substrate is
dissolved (Al → Al3+ + 3e− ) and a cathodic reaction (O2 + 2H2 O + 4e− → 4OH − (E° =
+0.401 VSHE at pH ≥ 7) in less negative potentials or 2H2 O + 2e− → H2 + 2OH − (E° =
−0.820 VSHE at pH ≥ 7) in more negative potentials) which generates hydroxyl ions takes
place [91]. The hydroxyl ions, which are formed underneath the disbonded coating, will
destabilize the local charge neutrality and thereby create an electric field, which will
facilitate the transport of cations to the cathodic areas. The cations will primarily be
sodium ions because the major salt component in seawater is sodium chloride.
Consequently, a highly alkaline environment will arise underneath the coating [92]. It is
known that during the propagation of coating disbondment, the pH beneath the disbonded
area is greater than 14 [93]. Thus, the rate of cathodic disbondment should be affected by
the level of CP potential.
Martinez et al. [33] investigated the disbonding of an epoxy coating subjected to
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varying levels of cathodic protection (low (E = −0.98 VAg/AgCl), moderate (E = −1.10
VAg/AgCl) and high (E = −1.40 VAg/AgCl)) on low alloy steel in seawater. The result was that
the epoxy coating was capable of withstanding normal levels of cathodic protection that
are widely accepted and prescribed by the international standards for steel (potentials
between −0.8 and −1.1 VAg/AgCl). After 30 days, with the sample polarized to E = −1.40
VAg/AgCl, the coating was detached from the metal, forming cracks and blisters. In a longterm study on the cathodic protection of coated steel Knudsen and Steinsmo [94] observed
that the coating disbonded completely in less than 2 years, which lead to an increase in the
current demand (and associated cost) for cathodic protection.
Several tests are proposed in the literature to evaluate the compatibility of a
coating with CP. As an example, the NACE standard TM0115 [95] recommends the
creation of an artificial defect, namely a hole (referred to as a holiday) through the
coating and then to immerse panels under a high cathodic potential (E = −1.38 ± 0.02
VAg/AgCl) for 4 weeks. According to this standard, at the end of the test, cathodic
disbondment of the coating is evaluated by visual inspection. A knife is also used to
physically peal the coating away from the substrate to check for loss of adhesion around
the holiday. Therefore, this method is somewhat subjective and dependent on the
experimentalist. Generally, a limitation of the visual inspection methods is that they are
ex-situ assessment methods that cannot be used to determine the initiation and
propagation of the coating disbondment. Therefore, techniques that could provide in-situ
monitoring of the system under CP would be very beneficial. Hence, to get more reliable
information about the degradation process of the coating, electrochemical tests may be
helpful and, particularly, EIS is expected to be an adequate technique.
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EIS has been used for about 3 decades to measure and monitor the degradation of
coatings by quantitatively measuring the resistances and capacitances of coated
electrodes in an electrochemical cell [93,96–105]. However, the behavior of EIS
measurements when a cathodic protection potential is present is also critical for in situ
measurement of cathodic disbondment. Margarit et al. [105] studied the impedance
behavior of steel electrodes coated with defect-containing fusion bonded epoxy coatings.
The authors asserted that a decrease in the impedance values during exposure time was
attributable to the coating disbondment, although a quantitative relationship between the
disbonded area and the electrochemical parameters could not be established. Recently,
Mahdavi et al. [103] reported that EIS is able to measure and monitor the cathodic
disbondment of organic coatings under simulated pipeline CP conditions. However, a
clear correlation between electrochemical parameters and coating disbondment area was
available only for a relatively short exposure period of 15 days.
As it is mentioned above, there have been many investigations on the application
of cathodic protection to coated structures, and this protection method is highly relevant
to industry. Thus, the compatibility of the CP method with the applied coating and the
possible disbondment of the coating are important issues.

Effect of casting porosity on the corrosion behavior
Corrosion properties of aluminum alloys, which owe their corrosion resistance to
the formation of passive films on their surface, might be affected by processing defects
such as porosity. These defects result in the localized breakdown of the passive film and
pitting corrosion [106]. Moreover, the presence of porosity will increase the exposed
surface area in the solution [107].
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Song et al. [31,108] studied the corrosion behavior of die cast AZ91D magnesium
alloy and reported that, in addition to increased real exposed surface area, micro-pores
that originate from defects in the alloy can behave as active sites for corrosion reactions.
The corrosion inside the pores might also increase because of limited interchange of the
solution inside the pores with that outside the pores. Song et al. [31] have also
emphasized that there is a significant and increased risk of localized and crevice
corrosion associated with porosity. The influence of casting porosity on the corrosion
behavior of Mg-0.1Si alloys has been investigated by Cao et al. [30]. They conducted
electrochemical and immersion experiments on high purity Mg pieces with large, small
and no porosities (designated as ‘LH’, ‘SH’ and ‘NH’, respectively) to evaluate the
corrosion behavior from both potentiodynamic polarization graphs and the hydrogen
volume evolved. Figure 2-7 shows the corresponding instantaneous corrosion rate
evaluated from the instantaneous hydrogen evolution.

Figure 2-7: Instantaneous corrosion rate as evaluated from hydrogen evolution (PH) during immersion
testing at the open circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH) 2 for 7 days at 24 ±
1 °C for solution heat-treated Mg0.1Si specimens [30]
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It can be seen that for samples with large porosities corrosion rate increases first
and tends to a steady state value at the end of exposure. The corrosion rates of the
samples with small porosities increase constantly and the final values are similar to those
of large porosities. However, for samples with no porosities the corrosion rate was
constant and low. However, in one of the ‘NH’ samples the corrosion rate increases after
4 days of exposure. It was pointed out that for this sample, the corrosion during the first
days of exposure was sufficient so that the corroding surface intersected with a pore, and
thereafter the corrosion accelerated over the whole surface. Figure 2-8 shows the cathodic
polarization behavior of the samples with different-sized porosities.

Figure 2-8: Cathodic polarization curves measured during the 5th hour and the seventh day during
immersion testing at the open circuit potential (OCP) in 3.5% NaCl solution saturated with Mg(OH) 2 for 7
days at 24 ± 1 °C for solution heat-treated Mg0.1Si specimens [30]

It can be seen that the corrosion potential (Ecorr) of each specimen increased after
7 days immersion. The corrosion current density (icorr) also increased significantly for
each specimen after 7 days, except for NH-2, for which there was no significant change
after 7 days. They argued that in the presence of casting porosity the real surface area
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exposed to the solution is larger than the geometric surface area, because of the extra
surface area of the internal porosity. They have also reported that the most important
impact of activating the sample surface with increased porosity was the breakdown of the
protective surface film and micro-galvanic acceleration of the corrosion by Fe-rich
particles.
Recently, Esmaily et al. [109] have studied the atmospheric corrosion behavior of
magnesium-aluminum AM50 alloys produced by different casting methods: rheocasting
(RC) and high-pressure die cast (HPDC) with low and high fraction of casting pores,
respectively, in cyclic conditions. They reported that the metal loss results, in
combination with morphological studies and topographical imaging, showed that RC
AM50 exhibited significantly better corrosion resistance than the HPDC material. This
effect was explained by differences in the solidification microstructures. They have
concluded that an increase in the corrosion rate (mg cm−2) by increasing the porosity,
besides the microstructural effects, can be partially attributed to the larger surface area
being exposed to electrochemical attack. They have also noted that some pores were
filled with corrosion product (Figure 2-9), which implies that the corrosion rate was
higher within the pores. This may also be a result of a slower electrolyte evaporation
process in the pores.
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Figure 2-9: Corrosion products filled inside casting porosity on HPDC AM50 after 168 h exposure [109]

The above limited research was dedicated to study the effect of casting porosity in
magnesium alloys. To the author’s knowledge, there is no public research on the
influence of casting porosity on the corrosion behavior of aluminum alloys. Furthermore,
in the above-mentioned studies, local chemistry of the solution inside the pores with
different size and shapes which might play an important role in kinetic parameters of the
corrosion process, are not thoroughly understood.
One-dimensional artificial pit (1D-artificial pit) electrodes have found widespread
use in the study of localized corrosion. Galvele [110] studied the kinetic parameters for a
1D- artificial pit model of the anodic dissolution process, based on pit depth (x) and
current density (i). He considered that dissolution was followed by hydrolysis to generate
an acidic environment adjacent to the dissolving interface. By considering transport of
ionic species in and out of the pit he calculated a critical value of ix (which is called the
pit stability product) above which the pH at the bottom of the pit could maintain anodic
dissolution, and the metal remained in the active state. In his study, the critical pH value
for aluminum was reported as pH=5 which was reached for ix values lower that 10−6 A
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cm−1. Therefore, he concluded that since the current density inside the pit, at pit initiation,
is at least 1 A cm−2, the necessary acidification can be obtained in pits as small as 10−6 cm
in depth.
Valuable information on the effect of the pit stability product under a salt film and
repassivation potential (Erp) for stainless steels [111–115] in the literature supply
supporting evidence for the 1D- artificial pit model of Galvele. The general experimental
procedure in localized corrosion studies for pit growth kinetics for stainless steels [111–
113] is usually started by applying anodic potentials potentiostatically for different times
to grow 1-D pits of different depth. After each potentiostatic hold the potential is scanned
in the cathodic direction. In this way, the pit stability product and the repassivation
potential of the steel samples could be determined from the same experiment. The
potential at which the current changed polarity is taken as the repassivation potential of
the sample for that pit depth and the value of (ix)saltfilm is determined from an analysis of
the current density plateau at high potentials as shown in Figure 2-10.
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Figure 2-10: Potential versus current density plots for 316 L generated from linear polarization scans at
different pit depths [111]

This plateau is the diffusion-limited current density of the metal dissolution at
the base of the pit. The diffusion-limited current density is used to calculate the pit
stability product under a salt film following {E- 2-2} where iL is the diffusion-limited
current density, d is the depth of pit, n is the number of electrons transferred, F is the
Faraday’s constant, D is the diffusion coefficient, and ΔC is the difference in
concentration of metal cations between the surface of the pit and the bulk solution [112]:
𝑖𝐿 𝑑 = 𝑛𝐹𝐷∆𝐶 = (𝑖. 𝑥)𝑠𝑎𝑙𝑡𝑓𝑖𝑙𝑚

{E- 2-2}

However, the 1-D pencil electrode technique (and the electrochemical
experimental procedure mentioned above) has not been widely used for aluminum and
aluminum alloys most likely due to experimental complications associated with hydrogen
evolution within the pit cavity [116–118]. Beck [117] studied salt film formation during
corrosion of pure aluminum using rods with 5 mm2 cross-sectional areas. He reported that
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aluminum artificial pit electrodes show only ohmic growth (pit growth in the salt free
condition) at low chloride concentration and low potentials as the convection induced by
hydrogen evolution prevents the formation of a continuous salt film. However, he showed
that high anodic potentials (ca. 4 VSCE) and concentrated aluminum chloride solutions (>
80% of saturation) may result in a mass transfer-controlled current density and the
formation of a continuous salt film. Potentiodynamic polarization curves for aluminum in
concentrated AlCl3 solution are shown in Figure 2-11 [117].

Figure 2-11: Potentiodynamic polarization curves for aluminum in 90% saturation AlCl3 solution ta 1mm
depth [117]

Ohmic growth has also been reported for aluminum by others [118–120]. More
recently, Cook et al. [116] studied pit propagation in pure aluminum using the 1Dartificial pit technique in HCl solution and reported mass transport control at high
potentials, ohmic growth at intermediate values followed by a transition to a further
region of potential-independent dissolution at ca. 100 mV prior to repassivation for pits
31

of 50 to 250 µm. However, for 25 µm pits dissolution proceeded under mass-transport
control. Findings in their study supported the hypothesis that continuous pit propagation
requires a high degree of saturation, near 100%, in AlCl3.
Therefore, one of the major experimental limitations encountered for aluminum
was that the pore is frequently blocked with hydrogen bubbles during testing [120] and
that the Al anodic dissolution current cannot be measured directly from the
potentiodynamic polarization graphs. However, Akiyama and Frankel [120] used an
experimental set up to collect hydrogen gas simultaneously from the pure Al foil
electrodes during aluminum dissolution as is shown in Figure 2-12 to calculate the charge
associated with the cathodic reaction (the primary cathodic reaction that takes place on
the Al electrode is hydrogen evolution). Cao et al. [30] also used more or less the same
experimental set up to calculate the volume of evolved hydrogen in their study on Mg
alloys.

Figure 2-12: Schematic drawing of the artificial crevice cell [120]

Based on the findings of the aforementioned studies, the pencil electrode method
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can be used to study the effect of the solution inside the pores on the kinetic parameters
of the corrosion process of alloys such as B206.
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3

3. Objectives
Aluminum alloy B206 is a recently developed high strength foundry alloy that has

strong potential for use in automotive, aerospace and marine applications. In the multifaceted review of relevant previous literature presented above, it is apparent that the
corrosion properties of B206 have not been formerly investigated. Therefore, the present
study aims to investigate the marine corrosion and protection of B206.
Considering the deficiency of available fundamental information on the abovementioned aspects of this alloy, the goal of this work is to contribute a comprehensive
understanding of the corrosion mechanism of B206 in seawater solution. The fulfillment
of the key technical objectives outlined in section 3.1 contributes to the improvement of
general knowledge around aluminum alloy corrosion mechanisms and corrosion control
methods such as anodizing and cathodic protection.

Key technical objectives
{1} Examine how corrosion develops on B206 during the exposure to seawater

solution. Study the early stages of localized corrosion initiation and propagation
and the role of intermetallic particles buried beneath the surface.
{2} Due to the potential significant impact of microstructure on corrosion, determine

whether the RRA heat treatment has a substantial effect on the corrosion
susceptibility of B206 in seawater.
{3} Characterize the behavior of the passive film formed on B206 at different

temperatures in seawater including the thickness and semi-conductive
properties. Can the passive film be relied-on to protect this alloy?
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{4} Examine the compatibility of the chosen coating with the cathodic protection

system and the possible disbondment of the coating under cathodic protection.
In the absence of acceptable thermal or passivation processes, will coating/CP
provide a solution for the use of this alloy system in seawater?
{5} Study, for the first time, the effect of B206 porosity on corrosion outcomes.

This information could eventually be used for through-process models of B206
castings.
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4. Approach and methodology

4

In order to achieve the proposed objectives listed in section 3.1, this work
includes a comprehensive set of electrochemical experiments and microstructural studies.
Each set of laboratory experiments is performed using a combination of the following
electrochemical techniques: Open Circuit Potential (OCP), Linear Polarization Resistance
(LPR), Potentiodynamic Polarization (PDP), Potentiostatic Polarization (PSP), EIS under
OCP or PSP conditions, and Mott-Schottky tests. Optical Microscopy, Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy (TEM) are used to determine
the microstructural features of the B206 specimen as well as the microstructural evolution
due to the heat treatment and disbondment of the coating. Microstructural analyses are
conducted using the following techniques: Energy-dispersive X-ray Spectroscopy (EDX),
Focused Ion Beam (FIB), Selected Area Diffraction (SAD) pattern, Dark Field Scanning
and High Resolution Transmission Electron Micrograph (DFSTEM and HRTEM).

Casting procedures and sample preparation
Ingots of aluminum alloy B206 with the chemical composition indicated in
Table 4-1 were melted in a resistance furnace and degassed with Ar for 10 minutes.
Table 4-1: Chemical composition of the B206 alloy
Elements (wt.%)
Cu

Si

Fe

Mn

Mg

Ti

Zn

Al

4.68

0.03

0.05

0.27

0.31

0.02

0.01

balance

36

Following degassing, liquid metal was manually poured at 700 °C into a fireclay
mould with a water-cooled copper chill at the bottom. A picture of the mould assembly is
shown in Figure 4-1.

Figure 4-1: Picture of the mold configuration

The mould is insulated on the sides and designed to directionally solidify the
casting from the bottom to the top, thereby providing a range of solidification conditions
and avoiding macroporosity formation. To obtain microstructural consistency between
the samples, the castings were cut in transverse sections relative to the solidification
direction. Therefore, it is expected that that microstructure would not vary appreciably
from one location to another at each section (Figure 4-2 (a)). Circular specimens with 1
cm2 surface area were then cut from sections of the casting as shown in Figure 4-2 (b).
The line intercept method was used to measure the average grain size. The specifics of
the sample preparation and the types of electrochemical experiments performed on the
samples will be described in more detail in the following sections.
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Figure 4-2: (a) Transverse slice sectioning of the B206 casting and (b) circular samples extracted from
each sections

4.1.1 Heat treatment procedure
In order to study the effect of heat treatment on the corrosion properties of the
B206 alloy, some of the specimens were subsequently subjected to the RRA thermal
process. As previously mentioned in chapter 2.1, RRA is a multistep heat treatment
process, which involves the material being solution heat treated, quenched, artificially
aged, retrogressed and then aged again. Singh [64], in a thesis, employed a 3-step
artificial aging (low-high-low) which he called an RRA heat treatment. The high
temperature aging step, which was called retrogression in that study, was performed at
three different temperatures: 200, 210 and 220 °C. The ensuing changes in hardness and
corrosion behavior in seawater were then investigated. Potentiodynamic polarization on
B206 (in naturally aerated artificial seawater) retrogressed at various temperatures
showed very similar icorr values (5, 3 and 4 µA cm-2 for 200, 210 and 220 °C,
respectively). Thus, the retrogression temperature did not have a significant effect on the
corrosion resistance of the studied alloy. However, the RRA B206 retrogressed at 220 °C
showed the highest hardness values ranging from 150-170 Hardness Vickers Number
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(HVN). Therefore, in the present study, the retrogression step was performed at 220 °C.
It is important to note that this study did not aim to demonstrate that the heat treatment
used for B206 resulted in classical RRA microstructure (such as what has been
previously described by Cina [58] for 7xxx series alloys). It should also be mentioned
that “RRA” was chosen as the name for this process following the Singh [64] study. The
thermal process is described in more detail in Table 4-2.
Table 4-2: Thermal process of the investigated B206 alloy
Heat treatment

Homogenized

Artificial aging *

---

---

515 °C, 2 h + 525 °C, 8 h + 65 °C

155 °C, 20 h + 220 °C, 0.08 h + 155 °C,

water quenching

20 h

As cast

RRA

*Note: Intermediate quenching at 65 °C is carried out between the first two artificial
aging steps.

4.1.2 Mass loss experiments
4.1.2.1 Laboratory experiments in artificial seawater
For the mass loss measurements, B206 coupons (both as-cast and RRA alloys) of
20×10×2 mm with a hole at one end (Figure 4-3) were used.

Figure 4-3: Picture of the samples for the laboratory mass loss experiments
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The mass loss samples were cut in the same direction as the other circular samples
(transverse sections relative to the solidification direction). The electrolyte and the
preparation procedure for mass loss measurements are described in section 4.2 and 4.2.2,
respectively.
4.1.2.2 Field experiments in natural seawater
For the mass loss measurements in natural seawater, rectangular bar samples were
machined from the B206 alloy casting. The samples ranged from 20 to 23 mm in length,
with a cross-sectional area of about 85 mm2. A 5-mm diameter hole was drilled at one
end of each sample. The samples were attached to a Teflon plate using plastic cable ties
with sufficient slack that they would be free to move slightly, and spaced sufficiently far
apart that they would not come into contact with each other. The plate was enclosed in a
wire cage to protect the samples from incidental contact as shown in Figure 4-4.

Figure 4-4: Configuration of the mass loss experiments samples in natural seawater

The samples were immersed in clean, natural seawater close to the inlet of
Esquimalt Harbor, off of the Strait of Juan de Fuca in Victoria, BC. The cage was
suspended approximately 3 m from shore and at a depth of 1 to 3 m (depending on tide).
The entire set of samples was removed for mass loss measurements after eight exposure
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periods: 38 days, 42 days (80 days total), 49 days (129 days total), 51 days (180 days
total), 44 days (224 days total), 49 days (273 days total), 45 days (318 days total) and 48
days (366 days total); following cleaning, measurements, and examination, the samples
were returned to the exposure site. Once removed from the seawater, the white corrosion
product on the sample surface was gently scraped off. The samples were then cleaned
through ultrasonic agitation in tap water for about 10 minutes, followed by a light
scrubbing with a toothbrush under running water to remove the bulk of the corrosion
product and any biological growth. The final cleaning step was ultrasonic cleaning at
room temperature in 67-70% TraceMetal grade HNO3 for 10 minutes, followed by
ultrasonic cleaning in water, and immersion in ethanol to displace any water. The
samples were then dried in air overnight, and weighed.

4.1.3 1D-artificial pit (pencil) electrode preparation
In order to study the effect of casting porosity, a 1D-artificial pit (pencil) electrode
is used. To manufacture B206 pencil electrodes, the casting was cut into rod samples with
1 mm diameter and 2 cm length. The obtained samples were ground to produce
electrodes of different diameters of approximately 1 mm to 200 microns using a fixed
drill set-up as shown in Figure 4-5. The samples were turned in the drill and SiC paper
was applied to the sample to reduce the diameter.

41

Figure 4-5: Picture of the fixed drill set-up used for grinding the rod B206 samples

The electrodes were made by mounting the different sized samples in epoxy resin
housed within a PVC tube so that one end could be exposed as the working electrode.
Prior to any experiment, the electrode was abraded with 120 grit silicon carbide (SiC)
paper and washed with deionized water. Since the cross-sectional area varied somewhat
along the length of the electrode, the surface area of each electrode was measured before
and after each experiment using an optical microscope.

Test environments and methods
Laboratory tests in this study are conducted in ASTM artificial seawater solution
(ASTM D-1141-98 [121]) at pH 8 containing different dissolved oxygen (DO)
concentrations and at different temperatures. The chemical composition of the artificial
seawater is presented in Table 4-3. The specifics of each test environment depend on the
corrosion and microstructural aspects being investigated, and will be described in each
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corresponding section separately. Moreover, test routines are designed with various
electrochemical procedures, microscopy methods and characterization techniques to
achieve the key technical objectives outlined in section 3.1.
Table 4-3: Chemical composition of the artificial seawater used in laboratory tests
Chemical Composition (g L−1)
NaCl

MgCl2

Na2SO4

CaCl2

KCl

NaHCO3

KBr

H3BO3

SrCl2

NaF

24.53

5.20

4.09

1.16

0.695

0.201

0.101

0.027

0.025

0.003

4.2.1 Corrosion initiation and microstructural evaluation
Final polishing was performed on the Buehler Phoenix Beta grinder/polisher via a
three-step process: 6 then 1 µm diamond paste followed by 0.05 µm colloidal silica,
rinsed with distilled water and air dried. Polished specimens of B206 were immersed at
10 C (the corresponding approximate in-service temperature of the previously
mentioned tidal energy generators) for 2.5, 10, 15, 30, 60 minutes and 2, 15, 24 and 48
hours in artificial seawater. The samples were then removed, rinsed in deionized water
and allowed to dry in laboratory air. After each immersion interval, the microstructural
changes were observed on the same regions of the B206 samples.
Scanning electron microscopy (SEM) was performed on a Hitachi S3000N
utilizing a conventional tungsten electron gun equipped with an EDX detector.
Backscattered and secondary electron imaging was performed using beam energies of 15
kV and probe currents of approximately 1 nA. EDX elemental maps were conducted to
characterize the composition of different phases and EDX spot analysis results were used
to compare the changes in the chemical composition of these particles after each
immersion time. The EDX results were converted to weight percent using the QUARTZ
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XOne software (the PhiRhoz (PRZ) calculation was used by the software for this
conversion). Monte Carlo electron trajectory simulation was developed using the Casino
program to represent the condition used to image structures in SEM. The interaction
volume in the B206 sample is shown as a function of a beam energy of 15 kV in Figure
A-1. An electron-beam interaction volume of 1 µ3 was previously reported for the
AA2024 alloy at 20 kV accelerating voltage [15].
Cross-sectional SEM examination on as-cast B206 samples was performed on a
Zeiss Sigma instrument utilizing a Schottky field emission gun. Backscattered imaging
was performed using beam energies of 15 kV.
The surface of the corroded sample was sectioned with the focused ion beam
milling (FIB) method using a FEI Helios NanoLab 650 DualBeam. The SEM imaged the
newly milled surface with a current of 0.2 nA at 2 kV accelerating voltage and a working
distance of 4 mm. The specimen was carbon coated with 15 nm of carbon with the Leica
EM MED020 high vacuum coating system. The coated samples were mounted on
standard 25 mm aluminum stubs using electrically conducting adhesive carbon and
colloidal silver.
In order to identify the preferential nucleation sites of pitting, anodic galvanostatic
experiments were carried out at a constant current density of 2 µm cm−2 and the potential
changes as a function of time were monitored. The first maximum spike indicated pit
nucleation. After galvanostatic experiments, the sample was carefully rinsed in distilled
water and dried in air and the microstructural analysis was performed using SEM.
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4.2.2 Electrochemical experiments and weight loss measurements to compare the
corrosion behavior of as-cast and RRA heat-treated B206 alloy
Electrochemical tests were conducted in a conventional jacketed 1 L glass cell
with the B206 alloy as the working electrode, a silver/silver chloride (Ag/AgCl, 4 M
KCl) electrode as the reference, and a graphite rod as the auxiliary electrode at 10 °C.
The cell was connected to a VWR cooling and heating bath with a programmable
temperature controller. A thermometer in the test cell ensured that the temperature of the
test electrolyte was consistently at equilibrium with the coolant temperature. The
electrochemical tests were performed using a Princeton Applied Research (PAR)
VersaSTAT3 potentiostat/galvanostat. The experimental set up is shown in Figure 4-6.

Figure 4-6: Schematic experimental set up used for electrochemical experiments

All the potentials reported in this thesis are with respect to the Ag/AgCl reference
electrode (0.197 VSHE). The working electrode was connected to a copper wire by
conductive silver epoxy, and the assembly was mounted in epoxy resin and positioned in
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the cell. Before each experiment, the working electrode was immersed in the electrolyte
until the corrosion potential reached a steady state condition (change of less than 5 mV in
OCP over a 10 minute period [122]).
Electrochemical impedance spectroscopy (EIS) tests at the free corrosion
potential were conducted at different immersion times (4 hours followed by every 12 h
for 6 days). The perturbation signal had an AC excitation signal of 10 mV and a
frequency range of 105–10−2 Hz. Potentiodynamic polarization was performed from −0.4
to 0.6 V vs. OCP with a scan rate of 0.166 mV s−1. The measurements mentioned above
were conducted at least twice to confirm good reproducibility. The Linear polarization
resistance (LPR) experiments were carried out from −10 to +10 mV versus the OCP at a
scan rate of 0.166 mV s–1. The polarization resistance (Rp) values were calculated from
the slope of the linear portion of the current–potential plot.
For the mass loss measurements, B206 coupons were immersed in artificial
seawater for different durations. Once removed from the solution, the samples were
cleaned by ultrasonically agitating in tap water for about 10 minutes, followed by a light
scrubbing with a toothbrush under running water to remove the bulk of the corrosion
product. The final cleaning step consisted of sonication at room temperature in HNO3 for
10 minutes, followed by ultrasonic cleaning in water, and immersion in ethanol. The
samples were then dried in air, and weighed. In each case duplicate experiments were
conducted and showed that the second results were within ±1% of the first.
SEM was performed with a Hitachi S3000N utilizing a conventional Tungsten
electron gun. Backscattered and secondary electron imaging was performed using beam
energies of 15 kV and probe currents of approximately 1 nA. TEM characterizations were
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characterization were prepared by dimpling using a Dimple Grinder from Gatan. Then,
ion milling of the dimpled sample was done using Low Angle Ion Milling & Polishing
System from Fischione. TEM images were obtained from Jeol 2010F at 200 kV,
equipped with an EDX system from Oxford Instruments.

4.2.3 Electrochemical test methods for corrosion and passivation processes
Figure 4-6 shows a schematic set up used to acquire all the electrochemical
measurements. To investigate the effect of temperature on corrosion behaviors of the
B206 specimen, experiments were carried out at 6, 10, 14 and 25 C (±1 C). The
working electrode was connected to a copper wire by conductive silver epoxy, and the
assembly was mounted in epoxy resin and positioned in the cell. Before each experiment,
the working electrode was immersed in the electrolyte until the corrosion potential
reached a steady state condition (change of less than 5 mV in open circuit potential
(OCP) over a 10 minute period [122]). Potentiodynamic polarization was performed from
−0.25 V vs. OCP up to 1.0 VAg/AgCl at a scan rate of 0.166 mV s–1.
To investigate the temperature-dependent development and performance of the
B206 passive layer, a multi-stage test routine was conducted in deaerated artificial
seawater. Only seawater with practically zero DO (N2-deaerated) based on ref [86],
results in approximately 1 ppb dissolved oxygen could be achieved) was used because no
stable passivation of B206 occurs in the presence of DO from natural aeration.
Furthermore, since it is anticipated that B206 turbines in marine environments will not be
installed near the seawater surface, the DO is expected to be low. In fact, knowledge of
the absence of notable passivation for B206 in DO-containing environments may support
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the choice of deeper placement locations for such turbines during their design, especially
if an uncoated or anodized B206 material is to be used in the construction. In the multistage test routine for evaluating passive layer behavior, following a 2 h OCP segment to
stabilize the corrosion processes occurring on the specimen surface, a potentiostatic
anodizing session was run for 6 h at a potential of −0.65 VAg/AgCl to grow the passive
layer(s) to be evaluated. This potential was predetermined based on the passive region
measured during previous potentiodynamic polarization experiments. This was
immediately followed by EIS and then Mott-Schottky, without removal of the specimen
in between. EIS is considered to be a non-destructive electrochemical technique [123],
and since it was conducted at the same anodizing potential of −0.65 VAg/AgCl and lasted
less than 5 minutes in each routine, it was considered to not affect the passive layer
structure for the subsequent Mott-Schottky test. EIS was run at a frequency range
between 104 and 5×10−2 Hz, an AC disturbance signal of 10 mV, and a sampling
frequency of 10 points per decade. The subsequent Mott-Schottky tests were scanned in
the −0.8 VAg/AgCl to −0.5 VAg/AgCl potential range within the passive region of the previous
potentiodynamic polarization plots. The Mott-Schottky scans were conducted at a
frequency of 1 kHz, an AC amplitude of 10 mV, and with a step height of 25 mV.

4.2.4 Coating and cathodic protection (CP) application
Electrochemical experiments conducted to determine the corrosion protection
potential range (PSP on the bare B206 samples) were performed in the setup shown in
Figure 4-6. The potentiostatic polarization experiments were carried out at OCP toward
cathodic potentials with steps of 0.05 V up to −0.95 VAg/AgCl and conducted for 3 hours to
obtain a stable current at 10 C (the most probable corresponding in-service temperature
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of the previously mentioned tidal energy generators). This experiment shows the effects
of concentration polarization due to an oxygen reduction reaction (ORR) and activation
polarization due to hydrogen generation as follows, respectively:
O2 + 2H2 O + 4e− → 4OH −

{E- 4-1}

2H2 O + 2e− → H2 + 2OH −

{E- 4-2}

Since pigmented epoxy coatings applied on nickel aluminum bronze propellers
successfully reduced corrosion rates [124], this coating system is used here. A
commercial 2-component epoxy paint from AkzoNobel (Intershield 300) was able to
increase the corrosion resistance of B206 by up to 4 orders of magnitude for short
immersion times of about 5 days in artificial seawater. The related EIS measurements can
be found in Figure C-1 in Appendix C. Therefore, after determining the potential range
for cathodic protection, the B206 was coated with the epoxy paint using an adjustable
film applicator (Elcometer 3570) in one layer of 100 µm thickness and according to the
manufacturer’s specifications. Prior to all experiments, the substrate was cleaned based
on SSPC (the Society for Protective Coatings)-SP1 (removal of all visible oil, grease, soil
and other soluble contaminants from surface with solvent) and polished with a 120-grit
paper. Samples were dried at room temperature for 7 days before being used in testing. A
digital Elcometer gauge was also used to measure the dry film thickness. The reason for
applying a thin coating is to get satisfactory EIS measurements (because of the
nonconductive nature of the coating). To make a coating defect an artificial hole of 1 mm
diameter was introduced at the center of the coated samples by drilling using an end mill
to reach the metal surface (Figure 4-7).
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Figure 4-7: B206 coated sample with at artificial defect at its center

Since the main purpose of this component of this investigation was to examine the
compatibility of the cathodic protection and the protective coating, the main experimental
parameter was cathodic polarization potential.
The electrochemical measurements of the coated samples were carried out in
artificial seawater using an electrochemical workstation (Princeton Applied Research
(PAR) VersaSTAT3) with a three-electrode configuration flat cell (Figure 4-8). Cathodic
polarization to different potential levels of −0.7, −0.8, −0.9 and −1.1 VAg/AgCl (hydrogen
evolution region) was applied to coated samples and prolonged for 30 days for the first
three potentials (in the oxygen evolution region) and 17 days (408 hours) for the potential
of −1.1 VAg/AgCl. To obtain a general understating of the coating’s electrochemical
response, with and without cathodic potentials, electrochemical experiments were
conducted on an intact coating surface (without any artificial defect) at OCP and the
cathodic potential of −0.7 VAg/AgCl for 30 days. The coating appearance and disbondment
were studied microscopically (both optical and SEM).
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Coated aluminum
sample

Coating
Figure 4-8: Schematic of the flat cell used in electrochemical experiments on coated samples with and
without defect at OCP and different levels of CP

4.2.5 Electrochemical test methods for pencil electrode experiments
Electrochemical tests were conducted in a conventional 100 mL glass-jacketed
cell with the B206 pencil electrode as the working electrode, Ag/AgCl reference
electrode and a platinum coated Ti mesh as a counter electrode. The cell was connected
to a VWR cooling and heating bath with a programmable temperature controller to
maintain the temperature of the electrolyte at 22 °C. Due to the limited number of
samples the electrochemical experiments were performed at 22 °C (to compare the
obtained data with the results reported in the literature) rather than 10 °C. Figure 4-9
shows the experimental setup during which the evolved hydrogen was collected in a
burette above the specimen.

51

(a)

(b)

(c)
Pencil Electrode

Funnel

Reference Electrode Ag/AgCl
Pt coated Ti mesh counter electrode

(d)
Figure 4-9: (a and b) Hydrogen collection experiments setup. The electrode surface faced upward. The
evolved hydrogen was collected by means of the funnel and the burette above the specimen. The burette
was initially full of solution, which was displaced by the evolved hydrogen, allowing easy measurement of
the cathodic charge associated. (c) Hydrogen bubbles can be seen in the burette above the specimen. (d)
Schematic top view of the experimental arrangement shown in (a and b)

The electrode surface faced upward during the hydrogen collection experiments.
The charge associated with the hydrogen evolution reaction (HER) QH2 was determined
from the volume of the hydrogen gas collected. This assumes a collection efficiency of
100%, which is an overestimate since some of the evolved hydrogen gas will dissolve
into solution or remain as bubbles in the pore or burette walls. We also made an
assumption that the charge consumption associated with the ORR was negligible. The
B206 artificial pencil electrodes were potentiostatically polarized over a range of 0 to 1
VAg/AgCl.
The current density and net charge, Qnet, were recorded from the Princeton
Applied Research (PAR) VersaSATAT3 potentiostat/galvanostat. The cathodic charge
was determined from Faraday’s law:
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𝑄𝐻2 =

𝑉𝜌𝑛𝐹
𝑀

{E- 4-3}

where V is the volume of the hydrogen gas evolved (cm3), ρ is the density (g/cm3), n is
the number of electrons transferred (equiv/mol), F is Faraday’s constant (96487 C/equiv)
and M is the atomic mass of hydrogen in this equation. The net charge passing through
the potentiostat, Qnet is the difference between the total anodic charge, Qanode, and the
charge of the local cathodic reaction on the B206 pencil electrode, QH2, because
significant cathodic reactions take place on the B206 electrodes. Therefore, the charge
associated with Al dissolution at the pore, Qanode, is determined as follows:
𝑄𝑛𝑒𝑡 = 𝑄𝑎𝑛𝑜𝑑𝑒 − 𝑄𝐻2

{E- 4-4}

In order to grow pores of different depth, potentiostatic polarization experiments
were conducted on pencil electrodes with different diameters at 0 VAg/AgCl for 600
seconds. The sum of the anodic charge densities passed is directly proportional to the pit
depth δ, given in {E- 4-5}, based on Faraday’s law [112]:
𝑀

𝛿 = 𝑛𝐹𝜌 ∫ 𝑖𝑑𝑡

{E- 4-5}
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5. FIB/SEM study of pitting and intergranular
corrosion in B206 aluminum alloy1
Aluminum-Copper casting alloys offer good mechanical properties such as high

strength and hardness, fatigue and creep resistances, and good machinability, all of which
are dependent on the copper content of the alloy [1–6]. However, corrosion continues to
be an issue. The microstructural differences and their influences on the corrosion
behavior mentioned in chapter 2.1 alone suggest that, to have a better understanding of
the corrosion properties for a given material, the correlation between the composition and
distribution of the intermetallic particles and the mechanism of localized corrosion should
be further investigated. While the localized corrosion around intermetallic particles in
wrought aluminum-copper alloys has been an area of intense interest [10,14,20,28,29,45–
47,52,125–129], there are no public data on the diversity of the intermetallic particles and
their effects on the localized corrosion mechanism of cast aluminum-copper alloys.
The objective of this chapter is to investigate the corrosion of a B206 Al-Cu
casting alloy in artificial seawater. The subsurface microstructure at local attack sites is
studied by milling cross sections using a FIB. This allows detailed subsurface
examination to be performed on a site-selective basis. The roles of microstructure and dealloying of the intermetallic particles, copper dissolution and re-deposition, and grain
boundary attack are addressed. This chapter is based on a paper [130] which was
published as part of the research work leading towards this PhD thesis.

1

Sh. Pournazari, D. M. Maijer, E. Asselin, Corrosion, vol. 73, No. 8, pp. 927-941, August 2017.
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Composition of the intermetallic particles
Figure 5-1 shows the optical and backscattered SEM micrographs of the Al-Cu
alloy, which shows the intermetallic particles in the Al matrix. With regards to shape,
there are two main types of particles present: those that are more or less spherical with a
diameter of 4–6 µm and those that are irregular in shape, present in the alloy in the form
of clusters of the continues particles. Higher magnification SEM micrographs of the
regions A and C, for which the corrosion response will be discussed afterwards, are
shown in Figure 5-1 (c) and (d), respectively. As it is shown in Figure 5-2 at higher
magnification, some particles are multiphase. Mg, Mn, Si, and Fe were indicated on
multiphase particles as well as main compositional elements Al and Cu. The chemical
composition of the particles marked in Figure 5-2 is shown in Table 5-1. The related
EDX spectra can be found in Figures B-1 to B-4 in Appendix B. To gain a better
understanding of the composition of the intermetallic particles, elemental EDX maps
were generated on an area that includes different types of multiphase particles on the
alloy surface. According to Figure 5-3, the EDX maps show that the matrix is α-Al with
dissolved Mg, Cu, and Si while it is depleted in Fe and Mn. In the matrix, there are three
main types of intermetallics which are described as follows:
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(a)

(b)

D

A

C

B
E

(c)

(d)

1

1

Figure 5-1: (a) Optical image, (b) SEM micrograph of B206, (c and d) higher magnification of regions C
and A, respectively

3

4

2
1

Figure 5-2: Backscatter image of some multiphase intermetallic particles (indicated by dashed circles) on
the B206 surface
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Table 5-1: Chemical composition of the indicated parts of the intermetallic particles in Figure 5-2
Spot

Composition (wt%)
Al

Cu

Si

Mg

Fe

Mn

1

47.17

52.34

0.49

-

-

-

2

76.3

13.82

5.37

4.51

-

-

3

52.51

22.46

6.31

-

13.68

5.04

4

46.74

52.79

0.47

-

-

-

The most abundant intermetallic for Al-Cu alloys is of nominal composition
Al2Cu. This compound can be found both in particles formed at the grain boundaries
during solidification and in the eutectic phase. According to the Al-Cu phase diagram, the
solubility of Cu in Al is maximum at 548 °C (equal to 5.8 wt%). A decrease in
temperature decreases this value to less than 1 wt% at room temperature [131].
Solidification of the Al-~5 wt% Cu alloy starts at 650 °C by nucleation of Al rich phase
and ends at 560 °C and the result is a single-phase α-Al matrix. However,
thermodynamically, the α-Al matrix with ~5 wt% Cu in solid solution is not stable below
530 °C and hence, based on the phase diagram, Cu deposits as the Al2Cu intermetallic
more preferentially at grain boundaries. These can be seen as the elongated particles at
the grain boundaries of the matrix in a binary alloy. In these types of alloys with Cu less
than 5.8 wt%, thermodynamically, the eutectic reaction is not possible. However, in the
studied alloy, under real conditions, because of the existence of other alloying elements
(Mg, Si, Mn, Fe, Zn, …) and also non-steady-state cooling, the critical copper solubility
and eutectic points shift. Therefore, non-equilibrium eutectic Al2Cu phase will form
[132,133].
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Al-Cu-Mn-Fe-Si
secondary phase
Al-Al2Cu
eutectic

Mg and Si
containing phase

Al2Cu

Figure 5-3: Top: Backscattered electron image of a multiphase intermetallic particle. Bottom: the x-ray
mapping corresponding to the shown intermetallic particle
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The other particle type, which is also an intermetallic compound at the grain
boundaries, contains Mg and Si elements. A well-known type of these precipitates in
aluminum alloys is Mg2Si. The maps in Figure 5-3 show that Mg and Si-containing
particles can be found at the grain boundaries and between Al2Cu particles. Some reports
show that the formation of Al-Cu-Mg-Si particles, such as Al5Cu2Mg8Si6, is also possible
during the solidification of this alloy [37]. The formation of these compositions in the
periphery of the particles is more obvious in the EDX maps shown in Figure 5-4.

Figure 5-4: The EDX elemental maps show the formation of multiphase particles in the B206. The
periphery of the particle is composed more from Mg and Si

The other precipitate that can be found at the grain boundaries and at the interface
of Al2Cu phase and matrix contains mainly Fe, Si, and Mn as well as Al and Cu. The
presence of these types of particles has been reported in AA2024-T3 aluminum alloys
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with the composition of Al20(Cu,Fe,Mn)5Si including isolated domains of Si-free
Al3(Cu,Fe,Mn) [46]. The formation of these particles can be attributed to the coring
phenomenon during solidification. As a result of coring, the less soluble elements in the
liquid (e.g., Fe and Mn) are pushed to the solidification front.

This changes the

undercooling for solidification, and also changes the accumulation of the elements at the
grain boundaries of the solid material. This accumulation leads to the formation of an
intermetallic phase. One of the possible complex compounds, which has been identified
during the solidification of this alloy, is Al32(Cu,Mn,Fe)8(Al,Si)4Si2. It forms according to
the following reaction [37]:
L → Al + Al2Cu + Al32(Cu,Mn,Fe)8(Al,Si)4Si2
It is important to remember that because of the nature of this alloy, and the fact
that it has Al as the base metal and Cu as the main alloying element, every intermetallic
precipitate that forms is considered to contain these two elements. The aforementioned
particles are the most abundant and observable phases in the microstructure of this alloy.
However, there are possibilities for formation of different phases and particles. The
presence of different phases (and consequently interfaces) when coupled with the
different metallic elements from highly active elements like aluminum in the
electromotive series to noble elements like copper, suggests that a complicated and
diverse type of corrosion mechanisms might occur when subjected to a corrosive
environment.

Initiation of the localized attack
In a recent report [20], the authors showed extensive localized corrosion on
aluminum AA2024-T3 after just 2.5 min of immersion in 0.1 M NaCl solution. However,
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no evidence of corrosion initiation on the alloy surface was observed after 2.5, 5, 10, 15,
30, and 60 min and 2 h and 15 h in this study. Additionally, EDX spot analysis on the
intermetallic particles showed no changes in the composition of the intermetallic particles
in all of the studied regions for these immersion times. The first signs of localized attack
on the surface were observed after 24 h of exposure in seawater solution. Figure 5-5 (a)
shows an overview of the attack on the surface after 24 h. Copper was evident at
scattered areas in a very low proportion on the surface and accumulated on the
intermetallic particles (bright white spots). Previous studies on de-alloying and corrosion
of Al alloy 2024 [16,44,49,134] reported that there are two possible mechanisms (which
will be discussed more in detail later) for the copper rich nature of the particles. One is
that the copper ions generated by the dissolution of the alloy matrix re-deposited on the
cathodic particles. Second, the copper enrichment was due to selective dissolution of Al
from the particles. Higher magnification SEM micrographs of the regions C and A in
Figure 5-5 (b) and (c) indicated the potential sites for initiation of localized attack
(showed by arrows). The onset of pitting can occur at the surface of intermetallic
particles as labeled by the dashed arrows in Figure 5-5 (b) and (c). Table 5-2 indicates
the changes in the chemical composition of each element (the same particles marked in
Figure 5-1 on regions A and C). The EDX spectra can be found in Figures B-5 to B-9 in
Appendix B. Oxygen peaks show the initiation of the corrosion on the surface. The
decrease in the weight percent of Al in the particles (region A and C-spot 1) suggests the
dissolution of intermetallic particles at pit initiation sites.
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(a)

(b)

C

(c)

C

A

A

(d)

(e)

Figure 5-5: Backscattered electron images of (a) the B206 surface, (b and c) higher magnification of
selected regions (circles) after 24 h exposure to artificial seawater at 10 °C (arrows indicate the signs of
localized corrosion on the surface), (d and e) higher magnification of some attacks showed by solid white
arrows in b and c
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Table 5-2: The changes in the chemical composition of the mentioned particles in Figure 5-1
Chemical composition in wt%
Regions/Time
Al

Cu

Si

Mg

Fe

Mn

O

A-Spot 1/0h

46.53

52.47

0.51

0.49

-

-

2.57

A-Spot 1/24h

41.12

47.33

0.56

0.49

-

-

10.5

C-Spot1/0h

46.9

51.98

0.59

0.52

-

-

2.18

C-Spot1/24h

39.36

45.27

0.64

2.22

-

-

12.5

In order to prove whether the dissolution and re-deposition of Cu occurs from the
particle surface, EDX elemental maps of the particle are shown in Figure 5-6. After 24 h
of immersion in the solution, copper enrichment can be observed on the surface of the
particle in the EDX map.

(a)

(b)

Figure 5-6: The (a) SEM micrograph and (b) EDX elemental map for copper on a Al-Cu-Mg-Si particle in
B206 alloy

It has been reported that Al alloys can release Cu particles in a non-faradaic
process producing Cu metal. These Cu particles are then oxidized by dissolved O2
resulting in copper ions that are subsequently re-deposited on the alloy surface, resulting
in enrichment above and beyond enrichment arising simply from the dissolution of Al
[45,49,135]. The aforementioned results, which indicate the presence of Cu on both the
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matrix and intermetallic particles, can provide evidence to support non-faradaic release of
Cu impurities from the alloy and the subsequent re-deposition on to the alloy surface.
Buchheit, et al. [45,49,135] have studied Cu ion formation by de-alloying Al2CuMg
phases and they stated that Cu ion generation from Al2CuMg under free corrosion
conditions is reasonable. Although it is not quantitatively identified that the studied
particles are S phase (determining the stoichiometry of the intermetallic particles is not
the aim of this chapter), the proposed mechanism for pitting at the surface of the
intermetallic particles can be justified based on the aforementioned results.
The solid white arrow in Figure 5-5 shows the initiation of the corrosion attack at
the interface of the intermetallics with the matrix or the periphery phase. The higher
magnification SEM micrographs on initial sites of localized attack are given in Figure 5-5
(d) and (e) as well. Figure 5-7 indicates the localized attack at some other intermetallic
particles in the investigated area.

Figure 5-7: Pit initiation on the intermetallic particles after 24 hours
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The possible preferential starting point of the pit formed on this intermetallic
particle can be the formation of a microcrack at the interface between the Al matrix and
the intermetallic particles. The attack then might concentrate on the particle, resulting in a
pit. However, there is no obvious microstructural factor that affects whether peripheral
matrix pitting or selective particle dissolution occurs. In order to identify the preferential
nucleation sites of pitting, a constant anodic current has been imposed at the electrode
surface (galvanostatic anodic polarization) and the potential changes as a function of time
were monitored. The first maximum spike after 10 s of polarization in Figure 5-8
indicates pit nucleation. The microstructural analysis of the surface after this experiment
indicates that the pits are more likely to initiate on the surface of the particles rather than
the matrix/particle interface.

(a)

(b)

Figure 5-8: (a) Potential-time behavior of the B206 in artificial seawater at 10 °C with an applied current
of 2 µA, (b) Microstructural analysis of the surface after galvanostatic anodic polarization shown in (a).
The pit was nucleated on the intermetallic surface

Localized corrosion propagation
SEM micrographs of the alloy surface in artificial seawater for 4, 8, and 16 more
h did not display any changes in morphology, size, or propagation of the attacked sites on
the surface. However, some dark regions were identified in the backscattered SEM
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imaging after 30 h from initiation of the attack. Figure 5-9 shows the overview of the
investigated area after different times of exposure in the solution. It is interesting that
except for the localized attack, which is indicated by a dashed arrow at the top left side of
Figure 5-5 (c), there is no significant change in the size or propagation of the pits after
this exposure time. Those pits are apparently passivated. Since the contrast in SEM
micrographs originates from the compositional and atomic number differences, it is
evident that there is a propagation of the localized corrosion indicated by the white circle
in Figure 5-9. The presence of dark regions is attributed to the formation of corrosion
products (aluminum oxide/hydroxide) surrounding the pit [28,136]. As it can be seen,
some parts of the continuous particle, which was attacked after 30 h, dissolved
completely away by increasing immersion time.
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(a)

(b)

(c)

(d)

Figure 5-9: The overview of the investigated area (a) before immersion, (b) after 24 hours and (c and d) 30
and 48 hours after the first 24 hours, respectively

The higher magnification images of this attack in Figure 5-10 show the particle
edge and trench in detail. The corrosion products are evident at the center and
surrounding area of the particle indicating the corrosion of the matrix in the vicinity of
the corroded intermetallic particle. However, it is difficult to determine exactly how
corrosion developed. Al, Cu, and oxygen can be seen in the EDX maps after 48 h of
exposure to the solution (Figure 5-11).
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(a)

(b)

(c)

(d)

Figure 5-10: The Backscattered (left) and Secondary electron (right) imaging of the attacked area on the
surface 30 (a and b) and 48 (c and d) h of the initiation time

This seems to indicate an anodic behavior of the intermetallic, which
subsequently switches to cathodic behavior, enabling the development of localized
corrosion in the adjacent matrix. The resulting anodic process must be the selective
dissolution of Al and/or Mg. The cathodic response of this, which is the reduction of O2
and/or H2O, has been reported to take place on the de-alloyed Al-Cu-Mg particles at an
acceptable rate [15,134,137].
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(a)

B

(b)

A

(c)

(d)

Figure 5-11: (a) SEM micrograph and (b-d) EDX maps of Al, Cu and O after 48 hours of the initiation of
the pits in seawater solution, respectively

ORR occurs with the following reaction, which results in an increase in the pH of
the electrolyte in the neighborhood of local cathodes:
O2 + 2H2 O + 4e− → 4OH −

{E-5-1}

As pH increases to about the range 9-9.5, the passive oxide on the surface of the
alloy matrix will chemically dissolve and the bare aluminum will begin to selectively
dissolve via the soluble AlO2 anion according to the reaction,
Al2 O3 + 2OH − (adsorbed) → 2AlO2− (aqueous) + H2 O

{E-5-2}

Thus, the particle remnants directly supported the oxygen reduction and further
contributed to the local alkaline condition and consequently enabled the matrix dealloying which, in its turn, cause the more local enrichment of copper. Schematic
69

illustration of matrix de-alloying is shown in Figure 5-12. As illustrated in this figure, the
de-alloyed second phase serves as cathode active to oxygen reduction and the
surrounding matrix undergoes Al de-alloying causing a local enrichment of copper.

Figure 5-12: Schematic illustration of matrix de-alloying in the vicinity of an intermetallic particle on the
surface

This contribution of the de-alloyed particle in de-alloying of the surrounding
matrix has been shown in Figure 5-13. A dual beam FIB/SEM was used to examine the
subsurface microstructure at selected local attack sites within the corroded area.
Figure 5-13 shows the cross section of the corrosion site at the location A indicated in
Figure 5-11. Cross-sectional examination at this position revealed that de-alloying was
accompanied by dissolution of the adjacent matrix. Figure 5-13 clearly supports the
aforementioned mechanism. EDX analysis on that sponge-like morphology at low
accelerating voltage showed high intensity of Cu with respect to Al and Mg. In the work
of Vukmirovic, it has been reported that the matrix de-alloying process results in the
agglomeration of solid solution Cu into Cu particles that also serve as cathodic sites
available to support yet more oxygen reduction [16]. Once the intermetallic particle
becomes more enriched in copper and its character become clear cathode, the cathodic
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process of reduction takes place over the intermetallic and the associated anodic response
of the oxidation of aluminum takes place over the neighboring matrix.

(a)

(b)

(c)

Figure 5-13: (a) FIB section at location A indicated in Figure 5-10, (b) higher magnification SEM image of
FIB cross-section trough the intermetallic particle after 48 hours of initiation of the pits in seawater solution
(boxed area in (a)) and (c) EDX on the sponge-like morphology

Cross-sectional examination at position B (Figure 5-14) clearly revealed that
localized corrosion is associated with the large intermetallic particle which is buried
beneath alloy surface, but probably connected to the surface. It can be seen from
Figure 5-14 (b) that the intermetallic particle had been partially converted to sponge at
the interface with the matrix. However, by further milling, sponge-like morphology
appeared in the particle along a narrow, straight path, beginning at the particle/matrix
boundary (Figure 5-14 (c)). Recently, Zhang, et al. [128] have studied the de-alloying
behavior of the multi-phase intermetallic particles in AA2024-T351 aluminum alloy and
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reported that this banding structure was developed due to the preferential attack of the
stacking faults in θ phase particle. These places are marked with black arrows in
Figure 5-14 (c). From Figure 5-14 (b) and (c) it can be seen that the matrix/grain
boundary attack began at the very earliest stages of de-alloying. Furthermore, it seems
that de-alloying began preferentially at the particle/matrix interface and then it proceeded
down the interface and along certain directions within the particle.
It is also obvious in Figure 5-14 (c) that there is the remnant of the intermetallic
particle (sponge-like morphology) at the surface just below the corrosion products cap,
which is connected with a dark-etched layer of the matrix to the buried particle. It might
provide an example of cooperative behavior between intermetallic particles or IGC.
However, this is not clear. King, et al. [28,127] found a similar preferentially
interface/matrix dissolution of the S-phase particle in AA2024 under a seawater droplet.
It is also evident in Figure 5-14 (d) that the morphology of the particle had become
partially porous and the other parts of the particle retained the typical morphology of the
intermetallic particle. Accurate EDX analysis of the specific features in the de-alloyed
particle remnant is not possible because of the relatively large interaction volume at the
acceleration voltage required for the detection of copper with respect to the fine size of
the features. Qualitative EDX analysis of the porous region of the particles detected
significantly increased Cu/Al and Cu/Mg ratios compared with the intact particle,
confirming that parts of the particle had undergone de-alloying of magnesium and
aluminum to leave Cu-rich remnants. Some dark areas (indicated by arrows in
Figure 5-14 (e), (f) and (g)) were occasionally observed along the interface of the particle
and matrix and in the matrix. These dark areas demonstrated that dissolution of the
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adjacent matrix occurs in conjunction with the particle dealloying [127]. As the matrix
beneath the alloy surface at the periphery of intermetallic particles was attacked during
immersion there is the possibility that IGC occurred in the vicinity of the intermetallic
particle. However, it is difficult to establish the direct link between IGC and the
intermetallic particle-induced localized corrosion site from Figure 5-14.
Figure 5-15 shows the images of cross sections of the alloy surface. The
dissolution of the alloy matrix immediately adjacent to the particle is obvious in all
backscattered images. The remnant of an intermetallic particle can be seen in Figure 5-15
(d). In Figure 5-15 (c) through (f) the grain boundary appeared etched out, indicating that
corrosion of the alloy matrix propagated in the form of IGC. It is also more evident from
Figure 5-15 (f) that IGC connects to the localized corrosion at the surface of the
intermetallic particle, suggesting that IGC initiated from the corrosion pit bottom, and
developed into the large network buried underneath the alloy surface. In Figure 5-15 (c)
and (f) a crack was found to form into the bulk material. The development of acidic
conditions at the reaction front may have been the cause of this behavior. However, it
was not clear whether the corrosion products had dissolved (aluminum hydroxides are
soluble in strong acids [28]) or not formed in the first place.
Beneath the alloy surface, the matrix at the vicinity of intermetallic particle was
also attacked. The development of corrosion in Figure 5-15 (e) formed at the edge of the
specimen shows the big network of IGC. As the grain boundary network spreads in all
directions, i.e. laterally as well as in depth, IGC also propagated in all directions along
the grain boundary network. As indicated in Figure 5-15 (g), IGC, which developed
deeply into the bulk alloy to the depth of 160 µm, shows a severe attack.
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(a)

(d)

(b)

(e)

(c)

(f)

Remnant of the particle

Remaining particle

(g)

Figure 5-14: (a) FIB milling and (b-d) SEM micrographs of corroded B206 intermetallic at various stages of milling. SEM image of FIB cross-section shows
localized attack of an intermetallic particle cluster below the surface. (f and g) higher magnification of SEM image of c and e, respectively
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

Figure 5-15: SEM micrographs of the cross section of the B206 after immersion for 48 more hours after the initiation of the localized corrosion in seawater
solution
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Summary
In this chapter, SEM with EDX was used to study the formation of stable pits on
the B206 aluminum-copper casting alloy in artificial seawater at 10 °C. The polished
specimens were immersed for various times and the development of corrosion around
intermetallic particles was monitored. It is demonstrated that alloy microstructure plays a
defining role in the corrosion of the B206 alloy in artificial seawater. The EDX maps
show that the microstructure of the alloy is complicated, exhibiting multiphase particles.
Although not quantified in this study, there are three main types of intermetallic particles
which could be related to Al2Cu particles containing small amounts of Mg and Si or AlCu-Mg-Si, and Al-Cu-Mn-Fe-(Si). SEM studies on polished surfaces reveal that there is
no sign of localized corrosion in the first 24 h of exposure in seawater solution at 10 C.
The onset of pitting can occur at the surface of intermetallic particles or at the interface of
the intermetallic particles and matrix. However, galvanostatic anodic polarization shows
that the preferential nucleation sites of pitting are on the surface of the particles. The
localized corrosion observed at the surface of intermetallic particles can be divided into
two types: localized corrosion associated with a small amount of corrosion product (not
propagating during the course of immersion) and localized corrosion that develops
through subsurface particle clusters connected to the surface particles.
Copper deposits at specific sites on the particles, beginning mainly around the
edges. The dissolution and re-deposition of the copper on the intermetallic particles
supports the idea that de-alloying of the Al2Cu or Al-Cu-Mg particles occurs followed by
the onset of pits on the surface of these particles. Thus, the intermetallic particles initially
present an anodic behavior with respect to the matrix, giving rise to a process of selective
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dissolution of Al and Mg. As a result of this, there is an increase in the concentration of
Cu in these intermetallics, which is the cause of their subsequent cathodic behavior.
The results from the FIB-SEM/EDX characterization demonstrate that the
subsurface particles are able to contribute to activities at the surface. Below local attack
sites, de-alloying of the particles and matrix/particle interfacial attack were observed. The
de-alloyed particle remnant with the copper layer on its surface can provide effective
cathodic support for the preferential anodic dissolution of the alloy matrix adjacent to the
particle as long as the remnant is connected to the alloy matrix. Intergranular attack was
not generally present over the alloy surface. Corrosion was found to initiate at a cluster of
intermetallic particles at the surface and to develop into a network of IGC. The grain
boundaries played a linking role between nearby intermetallic particles. Intergranular
attack penetrated deep (160 µm) into the alloy.
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6

6. Effect of retrogression and re-aging (RRA) heat
treatment on the corrosion behaviour of B2062
Having identified the corrosion processes that occur when the B206 alloy is

exposed to seawater solution, in the previous chapter, it is clear that the alloy is
susceptible to corrosion and, hence, may require surface treatments in practical
applications. Furthermore, IGC was observed in Figure 5-14 and Figure 5-15 to
propagate well beneath the alloy surface.
As mentioned in section 2.1, to maintain high strength and improve the corrosion
resistance of aluminum alloys (7xxx series) simultaneously, a heat treatment process has
been employed; it is referred to as Retrogression and Re-aging (RRA) treatment [57]. The
RRA treatment involves heating the material to high temperature below the solvus line
for a short period of time. This step of the process is called retrogression. The material is
then re-aged back to its peak strength by performing artificial aging and to improve
corrosion resistance.
To date, only a few reports, such as [8,64], have investigated the effects of RRA
heat treatment, which have been successful in 7xxx series aluminum alloys, on the
corrosion behavior of B206. Singh [64], in a thesis, employed different heat treatments
including T7 and a three-step artificial aging referred to as RRA (at different
temperatures and times) on B206 and investigated the changes in hardness and corrosion
behavior to optimize both the mechanical properties and the corrosion resistance in
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seawater. Based on hardness and potentiodynamic polarization tests, Singh concluded
that RRA heat-treated alloys possessed better mechanical properties with slightly lower
corrosion current densities than T7 samples. However, they did not employ other useful
electrochemical methods to examine the changes in the corrosion behavior of the RRA
heat-treated B206 alloy. For this reason, the present chapter is aimed at determining
whether this heat treatment (detail of the heat treatment is described in 4.1.1) may have a
substantial effect on the corrosion susceptibility of B206 in seawater. Thus, the corrosion
resistance of as-cast and RRA B206 is evaluated in artificial seawater at 10 °C by means
of electrochemical experiments such as EIS and potentiodynamic polarization, weight
loss measurements and microstructural studies. The changes in the corrosion behavior of
both alloys are monitored for different immersion times. This chapter is based on a paper
[138] which was accepted for publication in Materials and Corrosion as part of the
research work leading to this PhD thesis.

Microstructural

evolution

and

electrochemical

behavior

comparison of as-cast and RRA B206 alloy
Figure 6-1 shows SEM and optical micrographs of as-cast and heat-treated B206.
It seems that the RRA treatment has little effect on the grain size. The average grain size
for RRA and as-cast samples are 53 and 70 µm, respectively. The grain boundary phase
is thought to be Al2Cu. Intermetallic particles were also observed within the grains in the
as-cast microstructure. The same microstructural features were observed in the SEM
micrographs of Figure 6-1 (c) and (d). Both samples exhibit microstructure consisting of
precipitates along the grain boundaries and within the α–Al matrix. It seems that the grain
boundary area in the as–cast sample was decorated with continuous and thick layers of
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precipitates compared to the RRA sample, which contains a relatively low amount of
precipitates at the grain boundaries. However, it is difficult to achieve detailed
microstructural information about the formation of the early stage intermetallic particles
and transition phases during RRA treatment from the SEM images.

Figure 6-1: SEM and optical images of (a and c) as-cast and (b and d) RRA heat-treated B206 alloy.

Therefore, TEM characterization combined with EDX and diffraction analysis of
RRA B206 were preformed at McMaster University and the obtained results are
presented in Figure 6-2. The presence of precipitates with different shapes is evident
within the α–Al matrix, as shown in Figure 6-2 (a). The dark field scanning transmission
electron micrograph (DFSTEM) (Figure 6-2 (b)) represents the differentiation in the
chemically and structurally sensitive phases formed within the matrix (α–Al) during RRA
treatment. The uniformly dispersed fine θ" precipitates were revealed, which are expected
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to nucleate from GP zones during the aging process. However, some heterogeneous θ'
precipitate may also nucleate within the grains especially aligned along the dislocations
sites [139]. EDX analysis carried out to determine the composition variation across the
precipitates showed the presence of precipitates with different compositions. EDX
spectra of the particles in Figure 6-2 (c) show high concentration of Mn, Fe and Si in
addition to Al and Cu. However, for the lath shape particles shown in Figure 6-2 (d), Si
peaks cannot be seen. The high resolution TEM (HRTEM) micrographs in Figure 6-2 (f)
and (g) show the precipitates and matrix α-Al phase. Confirmation of the plane
orientation within the precipitate was ambiguous due to very large inter-planer spacing.
However, the dominant (200) plane orientation was in agreement with the d–spacing
(0.204 nm) of the α-Al phase in the HRTEM. The inset of Figure 6-2 (g) presents the
indexed selected area diffraction (SAD) pattern of α–Al which also validated the {200}
and {220} plane orientations.
It should be noted that an attempt was made to characterize an as-cast B206
sample by TEM. However, it was not possible to suitably prepare the sample for TEM
because of large precipitates and voids that exceeded the thickness of the TEM sample.
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(a)

(b)

Θ
Θ
(c)

(d)

(e)

(f)
(
f
)

(g)
1.23 nm
(200)
0.024 nm

Figure 6-2: Microstructural features of RRA sample (a) TEM image showing the presence of precipitates
within the α-Al matrix (b) DFSTEM present the distribution of θ" and θ' precipitates within the matrix
phase (c and d) showing DFSTEM micrographs of intermetallic particles with corresponding points EDX
spectra (e) high magnification image showing the presence of round shape precipitate (f) HRTEM image of
precipitate illustrating the plane orientation (g) HRTEM of the α-Al matrix and inset showing the indexed
SAD pattern of the matrix phase.
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The OCP values of the B206 alloys are shown in Figure 6-3. The potential of the
RRA alloy varied over time with an increase during immersion to a peak value of −0.565
V at approximately 48 hours. This could be attributed to a longer incubation period
(greater than 48 hours) for the localized corrosion of the RRA alloy, and may be as a result
of a relatively stable and protective oxide film. The potentials then remained relatively
stable at ~ −0.595 V until the end of the exposure period. For the as-cast sample, no
significant changes occurred in the corrosion potential during the immersion and it
stabilized around −0.55 V at the end of the immersion period. The fluctuation of the OCP
values with time for the as-cast alloy during the immersion period is probably because of
the corrosion product layer induced competition between localized corrosion and
passivation [140]. The increasing trend in OCP but relatively negative value of the RRA
sample, compared to the as-cast sample, indicates its higher corrosion tendency [141].
This behavior was associated with the development and stability of intrinsic passive film,
which is directly related with the microstructural features of the RRA sample. The average
OCP values with standard deviations for the RRA and as-cast samples are shown in
Table 6-1. The value of the potential is close to −0.550 V for the as-cast alloy. However,
the potential of the RRA sample reaches a stable value of −0.590 V after 120 h immersion.
The difference observed in the OCP of the as cast and RRA samples during long
immersion is thus around 40 mV.
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Figure 6-3: Corrosion potential values of as-cast and RRA alloy immersed in artificial seawater at 10 °C
Table 6-1: Average values of OCP (vs. Ag/AgCl) for as-cast and RRA alloys
Alloys

Average OCP of 120 h (V)

As-cast

−0.549 ± 0.007

RRA

−0.590 ± 0.02

To further investigate the corrosion behavior of the as cast and RRA alloys,
potentiodynamic polarization experiments were conducted after different immersion
times, as shown in Figure 6-4. As cast B206 exhibits similar polarization behavior at
different times of immersion in artificial seawater. Figure 6-4 (a) shows that the cathodic
branch is under diffusion control. At potentials just below the corrosion potential, the
cathodic polarization curve showed rapid kinetics on the electrode surface, which
approached limiting current densities at high negative overpotential. The potentiodynamic
polarization curves for the RRA alloy (Figure 6-4 (b)) had almost the same cathodic
polarization behavior and corrosion potential after different immersion times. In contrast
to the cathodic branch, the anodic branches were quite different. The potentiodynamic
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polarization curves obtained for the RRA and as-cast alloys after 120 hours of immersion
in solution are presented in Figure 6-4 (c). The continuous increase in the current during
anodic polarization of the alloy samples suggest their uniform corrosion with the
possibility of progressive localized attack. It has been reported that pitting of this alloy
naturally occurs at its corrosion potential [41].

Figure 6-4: Potentiodynamic polarization curves at different immersion times for (a) as-cast, (b) RRA and
(c) both as-cast and RRA B206 after immersion in seawater solution for 120 h.

SEM micrographs of the as cast and RRA alloys at this point (Figure 6-5) show the
dissolution of the particles or trenches and edges at the periphery of some particles and
confirm the localized corrosion of the studied alloys at their OCP.
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The values of the corrosion potential (Ecorr) and corrosion current density (icorr)
(calculated by extrapolation of the Tafel slopes back to Ecorr) of the alloys are listed in
Table 6-2. According to Figure 6-4 and Table 6-2, there is no significant change in Ecorr
for both RRA and as-cast samples. With respect to the icorr values, there is no significant
difference between the as-cast and RRA samples.

Figure 6-5: SEM micrographs of (a) as-cast and (b) RRA aluminum alloy under free corrosion condition,
showing the oxide film and preferential dissolution (exposed to seawater solution after 48 hours)
Table 6-2: Electrochemical parameters obtained from polarization curves
Alloy

RRA

As-cast

Immersion time (h)

Ecorr (V vs. Ag/AgCl)

icorr (µA cm–2)

40

−0.59

6.5

120

−0.61

5.6

40

−0.51

6.3

120

−0.47

5.2

McCafferty [142] discussed the validity and limitations of the Tafel extrapolation
method for the determination of corrosion rates and pointed out that the Tafel method
works better for uniform corrosion than for localized attack. However, localized
corrosion does occur at OCP for both RRA and the as-cast sample (Figure 6-5). This is
likely why no significant difference in the icorr values is observed from the polarization

86

curves. It has been observed that the severity of localized attack on the RRA sample is
higher than for the as cast sample. The severe dissolution along the grain boundaries of
the RRA samples is certainly related to the high concentration of the intermetallic
precipitates after 48 hours of immersion. During the aging process, the formation of the
small but dense coherent phases (precipitates) could grow in size along the grain
boundaries leaving the depleted matrix. This could enhance the localized intergranular
dissolution due to the development of local galvanic cells. Ralston et al. [143] reported
that after extended aging the decrease in number density and coarsening of the GuinierPreston-Bagaryatsky (GPB) zones and S–phases could increase the pitting corrosion of
Al-Cu-Mg alloy. This, then, is a possible reason for the significant corrosion and
intergranular dissolution observed on the RRA samples (as evident in Figure 6-5 (b)).
However, the presence of the S–phase was not identified in RRA samples and, therefore,
the mechanism of localized attack is still not clear. Muller et al. [55] have reported that
the decrease in the pitting potential of the aged Al-Cu alloys at different aging times is
related to the Cu depletion around the precipitates. Therefore, it could be assumed that
the decrease in Cu and other alloying additions within the matrix at the interface of
intermetallic particles (as shown in Figure 6-6 (a)–(d)) may enhance the pitting tendency
of the aged samples.
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b

Aluminum

c

Copper

d

Manganes
Figure 6-6: (a) DFSTEM micrographs

showing the lath shape precipitate and (b, c, d) the line
EDS spectra reveals the composition variation along the precipitate

Although polarization curves have been used widely for corrosion analysis, the
use of EIS (described below) provides further insight into the corrosion process. The EIS
spectrum of the RRA and as-cast alloys was measured after the first hour of immersion
followed by every 12 hours, up to 144 h in artificial seawater at 10 °C. The results of the
4, 12, 24, 48, 72 and 144 hour immersion experiments are shown in Figure 6-7 and
Figure 6-8. (The EIS response of the RRA samples was quite similar for 96, 120 and 144
hours of immersion and thus only the results for 144h are shown here). The impedance
behavior at high frequency corresponds to the electrolyte resistance. The surface
roughness and microstructural variation over the surface could lead to non-homogeneous
charge distribution within the double layer. This behavior can be represented by a
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constant phase element (CPE), as is the case in our analysis. The low frequency
impedance trends can be related to the charge transfer reactions at the metal/electrolyte
interface. Figure 6-8 (b) shows an example of the Nyquist plots recorded for as-cast B206
after 72 hours of immersion in artificial seawater. The capacitive loop at relatively high
and intermediate frequencies could also be related to the charge distribution in the double
layer and charge transfer through adsorption/desorption of reaction intermediate species
leading to localized dissolution of samples.
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(a)

(b)

Figure 6-7: (a) Effect of exposure time on EIS Bode plots and (b) fitting of the EIS spectra of RRA B206
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(a)

(b)

Figure 6-8: Effect of exposure time on EIS Bode plots of as-cast B206 and (b) experimental and simulated
Nyquist of as-cast B206 after 72h

Also, the ingress of Cl− within the localized reaction site i.e. pit could further
enhance dissolution by the following reaction mechanism ({E- 6-1} through {E- 6-4})
[144–146]:
Al → Al3+ + 3e−

{E- 6-1}

2H2 O + 2e− → 2OH − + H2

{E- 6-2}

Intermediate reactions and diffusion of Cl− occurring within a pit:
Al3+ + 2OH − → Al(OH)+
2,ads

{E- 6-3}

−
Al(OH)+
2,ads + Cl → Al(OH)2 Cl

{E- 6-4}

Figure 6-9 shows the equivalent electrical circuits (EEC) used to fit the EIS data
of RRA B206 samples.
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(a)

(b)

Figure 6-9: Equivalent circuit used to fit EIS data (a) RRA and (b) as-cast B206

As seen from Figure 6-7, they have two (not well-defined) time constants and the
protection of the material from corrosion by heat treatment is represented by the
following values: Rsol corresponds to the solution resistance and is expressed at high
frequencies; Rporous/oxide and Rct are the resistance of the porous and barrier (inner) layers,
respectively, and Qporous/oxide and Qdl are the frequency independent real constants
associated with the porous layer and the electrochemical double layer, respectively.
The bode plots of the as-cast sample contain one time constant and the Nyquist
plots contain a high frequency semi-circle and a low frequency region where the real and
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imaginary parts increased linearly with one another or plateaued. This behavior is often
associated with mass-transport-limited reactions [147]. However, for longer immersion
times this low frequency region was no longer seen in the Nyquist plots. Several models
of circuits to fit our experimental data were attempted. The best results (best agreement
between experiment and fitting for as-cast samples) were obtained using the EEC in
Figure 6-9 (b) in which, Rct and Cdl are the charge transfer resistance and the constant
phase element are attributed to the surface distribution of double layer charge. W is a
−
finite Warburg diffusion component corresponding to the diffusion of ionic species (Cl ,

OH−) within the localized defects. The impedance spectra were fitted to these circuits and
the extracted impedance parameters analyzed by ZSimpWin software from EIS plots are
listed in Table 6-3 and Table 6-4. In the present cases the χ2 values, which indicate the
best fit of the experiment data to the simulated models, was in the range of 10−3 to 10−4.
Figure 6-7 (b) and Figure 6-8 (b) show the data fitting for as-cast and RRA samples at the
different immersion times.
As it can be observed from Table 6-3, Rsol remains almost constant. It is also
evident that there is no clear trend for the Qporous/oxide values, however Rporous/oxide values
show a tendency to lower values as immersion time increases. This may be explained by
an increase of the pitted area or by increased acidification of the inner pit environment.
The Qdl values tend to increase significantly with immersion time with the exception of
the value obtained after 144 h. Increasing CPE of the porous layer during the course of
immersion may be due to the growth of pits and subsequently increase in the real surface
area or, as mentioned above, due to acidification of the pit environment [148]. It should
also be noted that, initially, Qdl had a value of 20.5 Ω−1 sn cm−2 ×10−6, but with time this
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increased by an order of magnitude and the n values decreased. This is also reported
[147] to be a characteristic of increased surface roughness and increased inhomogeneity
in the current density across the sample’s surface caused by pitting corrosion. The
decrease in Qdl and increase in Rct by the end of the experiment might be attributed to the
formation of a surface layer of corrosion products that partially block the pits, providing
an extra protection to the surface. For as-cast samples (Table 6-4) it can be observed that
Qdl increases with increasing time but the Rct remains approximately unchanged.
However, there is an increase in Rct after 144 hours of immersion, which may again be
explained by the formation of the corrosion products layer on the surface. The decrease in
W may be due to adsorption or precipitation of reaction products with the pit/defects. The
increase in Rsol with increasing immersion time may be due to saturation of reaction
products near the surface.
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Table 6-3: Impedance parameters data obtained by the ZSimpWin software for RRA B206 alloy at different immersion times in artificial seawater at 10 °C
Time

Rsol

Rporous/oxide

Qporous/oxide

Sample

RRA

R2

Qdl

(kΩ cm2)

(Ω−1 sn cm-2 ×10−6)

nporous/oxide

ndl

(h)

(Ω cm2)

(kΩ cm2)

(Ω−1 sn cm−2 ×10−6)

4

7.6

4.79

9.6

0.92

5.02

20.5

0.95

12

8.0

3.27

14

0.89

3.02

63.3

0.92

24

8.08

2.87

44.6

0.79

1.94

99.9

0.98

48

8.38

2.90

28.1

0.80

1.85

244.5

0.84

72

7.93

2.33

65.8

0.73

1.31

326.3

0.84

96

8.0

2.03

44.7

0.72

2.33

212.2

0.76

120

8.2

1.81

73.8

0.74

1.91

301.6

0.55

144

8.03

1.19

41.5

0.72

3.38

129

0.55

Table 6-4: Impedance parameters data obtained by the ZSimpWin software for as-cast B206 alloy at different immersion times in artificial seawater at 10 °C
Rsol
Sample

Rct

Qdl

Time (h)

W
ndl

(Ω cm2)

(kΩ cm2)

(Ω−1 sn cm−2 ×10−6)

(Ω−1 s0.5) × 10−3

4

6.87

4.12

38.1

0.81

6.2

12

8.97

4.7

22.6

0.84

6

24

8.98

4.3

30.3

0.8

4.6

48

8.96

4.38

39.8

0.76

4.7

72

8.96

4.12

48.9

0.74

3.8

96

8.95

3.88

58.3

0.72

2.8

120

9.03

3.9

65.5

0.71

3.2

144

10.42

5.71

73

0.68

2.4

As-cast
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Comparing Table 6-3 and Table 6-4 and the Nyquist diagrams of the as-cast and
RRA samples at various immersion times, presented in Figure 6-10, it is clear that the
polarization resistance for the RRA sample is higher than that of the as-cast samples up to
almost 48 hours of immersion.
(a)

(b)

(c)

Figure 6-10: Nyquist diagrams of RRA and as-cast B206 alloy after immersion for (a) 1, (b) 48 and (c)
144h of immersion in artificial seawater at 10 °C

It is well known that the higher the polarization resistance, the better the
corrosion resistance [149]. Therefore, it can be concluded that, initially, the RRA samples
had a lower corrosion rate and resisted the onset of localized corrosion (diameter of the
semicircle in the Nyquist plot remained larger for the first 2 days). However, once
localized corrosion started the corrosion rate of the RRA alloy was higher than that of the
as cast. Therefore, the RRA treatment increases the corrosion resistance of the B206 alloy
only for short immersion times. However, prolonged immersion could decrease the
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corrosion resistance of RRA and the resistance may get even worse with respect to the ascast samples. The decrease in the size of the capacitive arc with time can also suggest a
weakening of the protective action of the film covering the metallic surface, probably due
to progressive dissolution or deterioration of the air-formed film in contact with the
aggressive artificial seawater.
The relationship between polarization resistance (Rp) and the immersion time for
as-cast and RRA B206 is plotted in Figure 6-11.

Figure 6-11: Relationship between Rp and immersion time for as-cast and RRA alloys in artificial seawater
at 10 °C.

Rp values for the RRA sample are higher for the first 20 hours than those of the
as-cast B206. This may be due to the size and the amount of precipitates at the grain
boundaries and also within the grains. Rp values for the RRA samples decreased with
immersion time but the as-cast samples had relatively constant Rp. The Rp values for both
samples are quite close after 48 hours of immersion. These values are in a good
agreement with the results obtained from EIS (Table 6-3 and Table 6-4 and Figure 6-11)
discussed above.
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Weight loss measurements
Weight loss measurements of as-cast and RRA alloys in artificial seawater were
made after four exposure periods: 24 h, 24 h (total 48h), 144 h (total 192 h) and 72 h
(total 264 h) in artificial seawater at 10 °C. When removed from the solution, a white
corrosion deposit was observed on the surface of both samples (Figure 6-12).

As-cast

RRA

Figure 6-12: Pictures of the as-cast and RRA coupons after (top) 24 and (down) 144 hours

After the first 24 hours of immersion, the amount of deposit on the as-cast
samples was larger than the product formed on the RRA samples. Prolonging immersion,
the deposit was concentrated within the holes of the RRA samples, whereas those on the
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as-cast samples covered a large surface area. The cumulative mass loss as a function of
time for both alloys is shown in Figure 6-13. The points refer to the average mass loss of
the two samples after subsequent exposure time.

Figure 6-13: Mass loss for as-cast and RRA B206 alloy in artificial seawater at 10 °C. Error bars represent
the standard deviation for an average of cumulative mass losses of two examined samples

The mass loss is found to increase for both alloys. It is also clear that the mass
loss of the RRA samples is lower than the as–cast alloy in the initial 24 hours. However,
according to the Nyquist plots (Figure 6-10 (b)), the RRA samples are more corrosion
resistant than the as-cast samples for the first 48 hours of exposure. The results shown in
Figure 6-13 are the cumulative mass loss and the mass loss at each point in this figure is
the delta from the initial weight of the samples. The results shown were also the average
of the mass loss measurements for two samples. These might be the reasons for the
difference between the results of mass loss and EIS measurements. It can also be seen
that the increase in the mass loss of the RRA samples after 192 hours is comparable to
that of the as-cast samples. It seems that the corrosion products formed on the surface
partially protect it, which leads to similar mass loss increase as compared to the as-cast
samples.
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In order to confirm the corrosion tendency of these samples under ambient
conditions during immersion, the corrosion current density of these samples was also
measured from accelerated electrochemical test (linear polarization resistance; LPR)
method by using following equation:
𝑖𝑐𝑜𝑟𝑟 =

𝐵
𝑅𝑝

{E- 6-5}

where icorr is the current density in A cm−2, Rp represents polarization resistance in Ω cm2
and B is the approximated value as 0.026 V [86]. Table 6-5 provides the quantitative
information about the corrosion current density obtained from the electrochemical
experiments.
Table 6-5: Corrosion rates of as-cast and RRA B206 obtained from LPR experiments at different times in
artificial seawater at 10 °C
LPR
Alloy

Time (h)
icorr (μA cm−2)

As-cast

RRA

48

5.5

72

4.6

144

4.2

48

5.4

72

5.7

144

5.9

Surface morphology of the exposed RRA and as-cast samples
The EIS experiments showed that during initial 48 hours of exposure, the
corrosion behavior of the RRA sample is better than the as-cast one (Figure 6-10 and
Figure 6-11). After 48 h, the icorr reaches higher values than that of as-cast samples
(Table 6-5). As mentioned above, the main difference in the structure of these two
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samples is the variation in the microstructural features i.e. the morphology of the
precipitates along the grain boundaries and within the grains.
Figure 6-14 presents SEM micrographs of RRA B206 after 48 hours of immersion
in seawater solution. The localized dissolution can be clearly seen along the surface of
the sample. Birbilis et al. [43] demonstrated the electrochemical behavior of various
intermetallic particles in chloride media. They also reported the Ecorr values of various
intermetallic compounds. They found that the compounds containing Cu, Fe and Ti were
nobler (having more positive Ecorr) than the α–Al matrix and do not affect the stability of
the passive film. On the other hand, the intermetallic compounds composed of Mg, Si,
and Zn were found to be more active (presented more negative Ecorr) than the matrix and
may corrode preferentially and could disrupt the continuity of the passive film. This
electrochemical heterogeneity in the microstructure of the RRA sample is quite evident in
the Figure 6-14. Based on the experimental evidence and with support from the literature,
the high pitting corrosion tendency of the RRA sample is expected by the formation of
more electrochemically active intermetallic phases in its microstructure. It is therefore
suggested that electrochemical heterogeneity in the microstructure would promote the
development of localized galvanic cells at the surface of RRA sample and the large
cathode to anode site area ratio could accelerate the pitting corrosion. This behavior could
also be predicted from the decrease in the Rp (Figure 6-11).
In the previous chapter on the mechanism of localized corrosion of as-cast B206,
it has also been demonstrated that pits are more likely to initiate on the surface of the
intermetallic particles. Therefore, some intermetallic particles initially behave as anodic
regions with respect to the matrix, hence giving rise to selective dissolution of Al alloy.
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As a result of this preferential dissolution of active intermetallic particles, there is an
increase in the concentration of Cu enriched intermetallic phases within the
microstructure, which found to be more cathodic than the Al matrix.

(a)

(b)

(c)

Figure 6-14: (a, b and c) SEM micrographs of RRA B206 after 48 hours of immersion in seawater solution
at 10 °C

In other words, the corrosion of these alloys will follow the initial localized
dissolution of active phases within the matrix depending on the electrochemical nature
and concentration of the intermetallic particles. Hence, when the fraction of the
precipitates is decreased by RRA treatment it is reasonable to expect better corrosion
resistance. However, after a certain amount of time, which may be considered as an
incubation period for the dissolution of particles and/or the particle/matrix boundary
[150], the corrosion proceeded more rapidly as compared to as-cast sample. One of the
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main features of the RRA treated sample is the corrosion along grain boundaries.
Intergranular corrosion, rather than isolated pits, provides fresh surface for solution
penetration and reaction [151]. It can also be noted that the smaller grain size of the RRA
samples reduces the distance between the particles and the matrix, which lead to an
increase in the corrosion rate. When the cross section of the immersed sample is
examined after 48 hours of immersion, the exfoliation corrosion was observed as shown
in Figure 6-15.
There has been extensive work on the exfoliation of Al alloys [53,150,152–156].
In general, exfoliation corrosion of these alloys is expected if they have higher
susceptibility to intergranular corrosion [155]. Although the RRA B206 is an equiaxed
material, the exfoliation corrosion of RRA can be seen Figure 6-15, which presents the
preferential intergranular dissolution of the subsurface region after exposure to artificial
seawater. Intergranular progression of the attack beneath the surface may lead to
exfoliation corrosion of this alloy, due to the short distances between the hardening
particles at the boundaries. Generally, as the immersion time increases and the corrosive
attack proceeds, the corroded areas get interconnected beneath the surface. The corrosion
products can accumulate at the grain boundaries and exert pressure between the grains
causing delamination of thin surface layers.
A microstructural study on the RRA heat treated 7075 aluminum alloy [62]
mentioned that trapping hydrogen at the matrix/particle interface could result in
hydrogen-assisted intergranular corrosion. In previous studies on 2024 aluminum alloy
[157–159], it has been demonstrated that hydrogen produced during the corrosion process
diffuses towards the bulk of the material and is trapped at preferential locations in the
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interior of the aluminum alloy and subsequently gives rise to hydrogen embrittlement.
Microstructural observations and decreasing corrosion resistance during the course of
immersion in the present work could be the indirect evidence of hydrogen-assisted
intergranular corrosion in RRA B206. Such a mechanism would proceed via transport of
corrosive solution deep into the material through an intergranular network, where it
would react to produce hydrogen. Thus, hydrogen could be generated, for example, at the
bottom of pits and may spread to the adjacent unaffected material, establishing a
hydrogen diffusion region below the corrosion zone. However, it should be noted that
further work is required to definitely prove this mechanism.

(a)

(b)

(c)

Figure 6-15: (a, b and c) SEM micrographs of the cross section of the RRA B206 alloy after 48 hours of
immersion in seawater solution showing exfoliation corrosion
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Summary
Electrochemical, weight loss and microstructural studies are performed on the
RRA and as-cast B206 alloy to evaluate the effect of heat treatment on the corrosion
behavior of B206 alloy at different immersion times in seawater solution.
The uniformly dispersed fine θ" precipitates were revealed in RRA B206, based
on TEM analysis, which are expected to nucleate from GP zones during the aging
process. According to EDX analysis, RRA samples contain Al-Cu-Mn-Fe and Al-CuMn-Fe-Si precipitates.
One of the main features of the RRA sample is the corrosion along grain
boundaries. Chloride ions in seawater solution can easily destroy the surface film to
induce pitting corrosion, and finally form an occluded cell. Thus, an acidic medium
generated in the corrosion zone due to the hydrolysis of the aluminum cations leads to
grain-boundary attack. When the cross section of the immersed sample is examined, IGC,
more specifically, exfoliation corrosion seems to be the mechanism of corrosion
propagation.
EIS results for the RRA and as-cast alloys and, in particular, their evolution with
time, indicate that applying RRA heat treatment increases the corrosion resistance of the
B206 alloy at short immersion times. However, prolonging immersion could change this
behavior and the resistance may get even worse with respect to the as-cast samples.
Results obtained from LPR experiments and weight loss measurements also confirm this
behavior.
This study was begun hoping that RRA treatment could decrease the corrosion
susceptibility of B206. However, it seems that the aging characteristics of this alloy are
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different from the 7xxx series alloys. Although the long-term corrosion behavior of the
heat-treated samples is more or less the same as the as-cast samples, it may be beneficial
to apply heat treatment on the B206 in terms of having better mechanical properties. It
has been reported that the hardness of the RRA B206 alloy (150-170 Hardness Vickers
Number (HVN)) is almost 80 HVN more that as-cast samples (80-90 HVN) [64].
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7

7. B206 Passive layer characterization in deaerated
artificial seawater at different temperatures using EIS
and Mott-Schottky Analysis
Previous chapters in this thesis have discussed in detail the corrosion mechanism

and the effect of RRA heat treatment on the corrosion behavior of the B206 alloy. One of
the protection methods for Al alloys is the use of the passive region to create a protective
layer. This can be done through anodizing the surface before installation in the marine
environment, or by ensuring the continuous presence of a passive condition with an
anodic protection system [32]. Anodized aluminum or aluminum alloys have been shown
to exhibit an excellent resistance to localized corrosion compared to their as-received
counterparts, especially in aqueous neutral chloride solution [66]. The thickness, porosity,
breakdown resistance, and semi-conductive behavior of the anodized passive layer are all
important properties, which determine its performance in preventing further corrosion.
In this chapter, EIS is used to characterize the corrosion protection performance of
anodized B206 in artificial deaerated seawater of 4 different temperatures between 6 and
25 C – both direct correlations of charge transfer resistance with corrosion rate and
determinations of passive layer thickness are presented. The Mott-Schottky technique is
used to identify the donor density of the passive layer formed on anodized samples in
deaerated seawater at the above-mentioned temperatures.

Electrochemical studies at different temperatures and DO
conditions
Figure 7-1 displays the polarization curves for the B206 alloy in artificial seawater with
different DO conditions (naturally aerated, and deaerated) at 10 C.
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Deaerated solution
Naturally aerated solution

Figure 7-1: Potentiodynamic polarization curves for aluminum B206 in naturally aerated and
deaerated artificial seawater at 10 °C

The Ecorr value of B206 in the naturally aerated solution is higher than that in
deaerated solution; the difference is ~0.5 V. The change in the DO condition influences
the cathodic process and subsequently, the corrosion potential. During potentiodynamic
polarization, the pitting potential (Epit) is normally defined as the potential at which the
anodic current increases significantly with further applied potential [86], as labeled in
Figure 7-1. Above the Epit, the oxide layer ruptures at random heterogeneities therein.
The barrier layer created by the oxide is unable to repair itself, and hence localized
corrosion develops at these points [6]. It is also obvious in Figure 7-1 that the anodic
polarization curve of B206 presents an active-passive-breakdown transition in the
deaerated environment, while the corresponding curve in the naturally aerated
environment indicates that localized corrosion of B206 can occur under open circuit
conditions. The change in cathodic reaction by introducing oxygen in the solution causes
an increase in the corrosion potential close to the pitting potential.
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The average values of the electrochemical parameters extracted from the
polarization curves are Ecorr, Epit, icorr, and the passive current density (ipass). The Ecorr and
icorr parameters were measured by Tafel extrapolation of the anodic and cathodic lines.
The values for all the extracted parameters are listed in Table 7-1.
Table 7-1: Electrochemical parameters extracted from potentiodynamic polarization curves for B206 in
naturally aerated and deaerated artificial seawater at 10 °C
Alloy

B206

Deaerated

Aerated

Ecorr

Epit

ipassive

Ecorr

icorr

(V vs.Ag/AgCl)

(V vs.Ag/AgCl)

(µA cm−2)

(V vs.Ag/AgCl)

(µA cm−2)

−1.15

−0.49

2.64

−0.55

5.92

Comparing results of naturally aerated and deaerated conditions shows that
corrosion potential in naturally aerated solution is very close to the pitting corrosion
potential. The effect of seawater temperature on the polarization curves of B206 was
investigated in deaerated and naturally aerated conditions. Figure 7-2 (a) and (b) show the
polarization curves for the B206 alloy at temperatures ranging from 6 to 25 °C with
deaerated (Figure 7-2 (a)) and naturally aerated (Figure 7-2 (b)) artificial seawater.

(a)

(b)

Figure 7-2: Polarization curves for aluminum B206 in different temperatures in (a) deaerated and (b)
naturally aerated artificial seawater.

From Figure 7-2 (a), it is evident that the temperature has little effect on Epit.
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However, the passive current generally increases with increasing temperature in
deaerated solution. It is also noted that the increase in passive current density appears
more pronounced at lower temperatures; whereas clear separation of the passive region is
observed between the 6 °C and 10 °C profiles, no significant difference is seen between
the 14 °C and 25 °C profiles even though the latter two profiles have a larger temperature
difference than the former profile pair. It should be stated though that this may simply be
an artifact of the x-axis scaling. On the order of 10−6 A cm−2, because a logarithmic scale
will not show graphical separation of higher current densities (e.g. between 8 and 9) as
much as lower current densities (e.g. between 2 and 3), comparative differences appear
greater than they really are. This interpretation is confirmed by the upcoming EIS results
of the anodized passive layer, which identifies a difference in the impedance (hence the
passive current density) of the 14 °C versus the 25 °C environments.

Passive layer behaviour
The discussion in sections 7.2.1-7.2.4 below are based on the results of the multistage anodizing, EIS, and Mott-Schottky test routines previously described in 4.2.3;
These tests were conducted to evaluate the protective structure and behavior of B206’s
passive layer anodized in deaerated artificial seawater at temperatures between 6 and
25 C.

7.2.1 Passive current density decay
The current density decay transients measured during anodizing at −0.65 VAg/AgCl
are shown in Figure 7-3.
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Figure 7-3: Passive current density (ipass) decay transients measured during the anodizing of B206 at −0.65
VAg/AgCl in deaerated seawater at 6, 10, 14 and 25 °C for 6 hours

These are considered passive current densities (ipass) since the anodizing potential
falls within the passive region of the corresponding potentiodynamic polarization curves
in Figure 7-2 (a). Clear separation in the ipass transients in Figure 7-3 is observed based on
the temperature of the solution. The magnitude of ipass increased at higher temperatures of
the same electrolyte and DO level, indicating decreased passive layer protection and
increased corrosion rate with temperature.
The smoothest and most uniform transient was that which corresponded to the 6
C solution, reaching a stable current density of approximately 3 A cm−2 after around
6000 s of anodizing. The passive current density in 10 C solution reached a slightly
higher current density, yet only stabilized towards the end of the 6 h anodizing period.
This longer stabilization period also existed for the 14 C transient, in addition to visibly
more unsteadiness in the ipass measurement especially towards the beginning of the
anodizing process. This is indicative of instability of the passive layer formation, an
occurrence which manifested itself the most in the 25 C current density transients during
the first 10,000 s of anodizing. Hence, not only do the final ipass values reached after 6 h
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of anodizing show the less robust passive layer(s) formed at higher temperatures, the
clear instability in the transients during the earlier development stages allude to more
sluggish and possibly less uniform passive layer growth.

7.2.2 Passive layer components and structure
Aluminum oxide (Al2O3) forms immediately upon exposure of Al with
monatomic or polyatomic oxygen [32,65,160]. In atmospheric air containing diatomic
oxygen, this proceeds according to Reaction {E- 7-1}. The presence of Al2O3 on the
surface of the B206 specimens hence precedes their immersion in the seawater solution
of the test cells. Through anodizing in the alkaline seawater solution, the surface of the
aluminum alloy becomes covered with a duplex structure consisting of an inner
anhydrous Al2O3 layer adjacent to the substrate surface and an outer hydrous layer of
aluminum hydroxide (Al(OH)3) corrosion product [161,162]. Both components of this
dual-structure thicken with continued anodizing at the passive −0.65 VAg/AgCl potential in
these alkaline solutions [161–164], leading to a decrease in the anodic corrosion
(Reaction {E- 7-2}) of the base Al in the B206 alloy.
4Al + 3O2 → 2Al2 O3

{E- 7-1}

Al → Al3+ + 3e−

{E- 7-2}

In deaerated conditions, the formation of an Al(OH)3 corrosion product follows a
three-step process involving intermediary Al(OH)2+ and Al(OH)2+ complexes as shown in
Reactions {E- 7-3} to {E- 7-5} [161,164]. The corresponding cathodic reaction is the
reduction of water as shown in Reaction {E- 7-6}. The formation and continual
thickening of the Al(OH)3 corrosion product increases the impedance of the overall dual112

layer barrier, enhancing the corrosion protection of the aluminum alloy substrate. The
strength of this Al(OH)3 corrosion product is dependent on the rate of its hydroxideaccelerated dissolution through Reaction {E- 7-7} versus its ongoing formation
culminating in Reaction {E- 7-5} [162].
Al + OH − ↔ Al(OH)2+ + 3e−

{E- 7-3}

Al(OH)2+ + OH − ↔ Al(OH)+
2

{E- 7-4}

−
Al(OH)+
2 + OH ↔ Al(OH)3

{E- 7-5}

3

3H2 O + 3e− → 3OH − + 2 H2

{E- 7-6}

Al(OH)3 + OH − ↔ Al(OH)−
4

{E- 7-7}

The stabilization of the ipass transients shown in Figure 7-3 can therefore be
explained as the slow decay of the ratio between the formation and dissolution rate of
Al(OH)3 to unity following a period where the formation rate exceeded the dissolution
rate. However, since the ipass transients at all temperatures tested eventually reach
horizontal stability, the differences in final ipass values for different temperatures cannot
be explained by the formation vs. dissolution ratios. Rather, it is suggested here to be the
result of structural (i.e. thickness and porosity) and electronic (i.e. semiconductive)
differences in the duplex-layer as evidenced by the EIS and Mott-Schottky results below,
respectively.

7.2.3 EIS
Figure 7-4 (a) shows the Nyquist impedance representations of the EIS impedance
spectra for anodized (6 hours) B206 specimens in deaerated seawater at temperatures
between 6 and 25 C.
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(a)

(b)

Figure 7-4: (a) Nyquist impedance representations and (b) Bode phase angle and impedance moduli of the
EIS impedance spectra obtained for anodized B206 specimens in deaerated seawater at temperatures
between 6 and 25 °C.

Figure 7-4 (b) illustrates the corresponding Bode phase angles and impedance
moduli for the same EIS tests. At the coldest temperature of 6 C, it is seen that the
Nyquist profile manifests as a nearly complete depressed semicircle, with the real
component of the impedance (Zre) reaching a value slightly greater than 3 x 104  cm2 at
the lowest frequency. Although the adsorption of Cl− on the surface of anodized Al
specimen in Cl− containing electrolytes is an established phenomenon [161,165,166],
both the Nyquist and Bode plots at 6 C reveal the absence of significant auxiliary
processes such as adsorption or induction at lower frequencies at this temperature.
Based on the duplex structure of the passive layer known to form on Al in
alkaline media [161–164], as described in the previous section, an electrical equivalent
EEC with film/layer resistance and CPE (Rf and Qf, respectively) is proposed to model
the EIS result at this temperature. This is shown in Figure 7-5 with a parallel chargetransfer resistance (Rct) and double-layer capacitance (Cdl) in series to model the solidelectrolyte interface at which electron transfer occurs. A schematic of the corresponding
proposed physical system is also illustrated.
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Figure 7-5: Proposed EEC and physical occurrences for EIS on anodized B206 in deaerated artificial
seawater at 6 °C

CPEs were used instead of ideal capacitor elements due to the surface
heterogeneities. The fitting results of the EEC in Figure 7-5 for the 6 C EIS spectrum are
shown in Table 7-2 and are overlaid on Figure 7-4 (a) and (b).
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Table 7-2: EIS component values for B206 anodized at −0.65 V vs. Ag/AgCl in seawater solution at 6, 10,
14 and 25 °C
Solution temperature [°C]
Components
6
Rsol [Ω cm2]
−1 n

10
14.2

6.14
−2

Qf [Ω s cm ]

1.83 x 10

−6

2.10 x 10

25

14
4.58
−5

2.46 x 10

8.41
−5

9.55 x 10−5

1

0.92

0.93

0.96

Cf [F cm−2]

1.83 x 10−6

8.67 x 10−6

11.35 x 10−6

61.30 x 10−6

Rf [Ω cm2]

2.96 x 104

2.44 x 104

2.32 x 104

2.19 x 104

Qdl [Ω−1 sn cm−2]

1.15 x 10−3

1.43 x 10−3

2.14 x 10−3

1.01 x 10−2

0.84

1

1

0.92

Rct [Ω cm2]

2.44 x 104

1.56 x 103

8.58 x 102

8.12 x 102

W [Ω−1 s0.5]

/

1.47 x 108

8.99 x 107

1.7 x 107

4.22 x 10−4

1.10 x 10−3

1.34 x 10−3

2.15 x 10−3

< 2.06

< 3.32

< 3.66

< 4.64

nn

ndl

𝝌𝟐
% error in fit

The results show a very good correlation between the EEC and the experimental
measurements, determined by 𝜒 2 value of 4.22 x 10−4 and a maximum error in fit below
2.06%. It is noted that an EEC with a nested parallel adsorption (i.e. {R(Q(R(QR))}) was
attempted in modelling the 6 C EIS spectrum, yet resulted in no significant fitting
correlation difference compared to the EEC in Figure 7-5. However, when a simpler
{R(QR)} as in [167] was attempted, a drop in fitting accuracy was observed. This
indicates that a two time-constant EEC best suits the EIS spectrum measured at 6 C.
Figure 7-4 (a) also shows the Nyquist and Bode plots for the EIS conducted at 10,
14, and 25 C. In the Nyquist plots at these temperatures, much more noticeable
supplemental electrochemical processes can be identified at low frequencies < 0.1 Hz.
This clearly indicates a change in governing mechanism; based on the characteristic
linear slope segments at low frequencies in the Nyquist representations, this is likely due
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to diffusion-controlled behavior. Combined with an apparent decrease in impedance
values in these spectra compared to that of the 6 C condition, it strongly appears that a
change in the structure of the passive layer occurs at higher temperatures, allowing the
mass-transfer of electro-active species therein.
It has been described earlier that a duplex passive layer structure exists on the
anodized B206 specimen, where a compact inner anhydrous layer of Al2O3 resides
between the alloy substrate and a porous outer hydrous Al(OH)3 layer. In Cl−-containing
electrolytes, the adsorption of Cl− onto the outer Al(OH)3 layer has been established on
numerous accounts by other researchers [161,165,166]. In a recognized work by Nguyen
and Foley [168], the reaction activation energy between Cl− and the intermediary
Al(OH)2+ complex of Reaction {E- 7-3} was shown to be lower than that between Cl−
and Al3+. Hence, adsorbed Cl− on the outer layer of the passive film reacts preferentially
with the former versus the latter, ultimately thinning and breaking down the Al(OH)3
layer. The ensuing breakdown of the Al(OH)3 layer under the influence of Cl− results in
AlCl4− through the multi-step process of Reactions {E- 7-8} to {E- 7-11} shown by
McCafferty in [169]:
Al(OH)3 + Cl− ↔ Al(OH)2 Cl + OH −

{E- 7-8}

Al(OH)2 Cl + Cl− ↔ Al(OH)Cl2 + OH −

{E- 7-9}

Al(OH)Cl2 + Cl− ↔ AlCl3 + OH −

{E- 7-10}

AlCl3 + Cl− ↔ AlCl−
4

{E- 7-11}

In a fundamental investigation by Kolics et al. [170], it was shown that this Cl−induced adsorption on the Al passive layer is pH dependent, where the Cl− concentration
of the surface decreases with increasing pH. Although the pH of the electrolytes in the
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present work do not change substantially with temperature, an increase in temperature
still increases the rate of Al(OH)3 dissolution into AlCl4− simply based on the
temperature influence in the Arrhenius law. As such, even at a constant anodizing
potential of −0.65 VAg/AgCl and a constant Cl− concentration in the anodizing solution, at
increased temperatures the thinning and pitting of the outer Al(OH)3 ensues at a faster
rate; This is shown to drastically decrease the film resistance [161], increase opening in
pores allowing the diffusion of electro-active species therein, and hence increase the
corrosion rate of the Al metal or alloy substrate [171].
Based on the manifestation of mass-transfer controlled behavior at 10, 14, and 25
C in the EIS spectra of Figure 7-4, the EEC of Figure 7-6 is proposed for modelling the
electrochemical behavior at these temperatures.
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Figure 7-6: Proposed EEC and physical occurrences for EIS on anodized B206 in deaerated seawater at 10,
14 and 25 C

A corresponding schematic of the proposed physical occurrences is also shown in
Figure 7-6. Here, the combined influence of increased temperature and aggressive Cl−
ions in the alkaline solution are suggested to thin and pit the Al(OH)3 outer layer, creating
larger channels for the diffusion of key electroactive species during the ensuing corrosion
of the substrate. The Nyquist spectra at 10, 14, and 25 C show near characteristic
Warburg diffusion element (W) behavior.
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The fitting results of the EEC in Figure 7-6 for the 10, 14, and 25 C EIS spectra
are shown in Table 7-2 and are overlaid on Figure 7-4. Again, the results show a good
correlation between the EEC and the experimental measurements, with 𝜒 2 on the order of
low 10-3 values and a maximum error in fit below 4.64%. Overall, steady decreases in Rct
and Rf values with increased temperature demonstrate the increased corrosion caused by
the decreased passive layer protectiveness at higher temperatures.

7.2.4 Mott-Schottky and passive layer thickness
The Mott-Schottky plots of anodized B206 in seawater solutions at 6, 10, 14, and
25 C are shown in Figure 7-7. The Mott-Schottky technique relies on the assumption
that at high applied frequencies, like the 1 kHz used in this work, the capacitance at the
passive layer’s interface with the electrolyte mainly represents the space-charge layer
capacitance (Csc) [172]. This is because Csc is considered to be much less than the
capacitance of the Helmholtz layer. Therefore, the Csc−2 vs. potential representation of the
Mott-Schottky plot in Figure 7-7 can be used to describe the semi-conductive behavior of
the depletion region in the passive layer anodized on B206 at the four temperatures
shown. Figure 7-7 clearly depicts increasing Csc with temperature and a linear
relationship between the capacitance and the applied potential in the passive potential
region investigated. The positive slopes (S) of the Mott-Schottky plot at every
temperature tested indicate the n-type semi-conductive behavior of the passive layer,
agreeing with the vast majority of electrochemical studies on Al2O3 including [173–175].
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Figure 7-7: Mott-Schottky plots at 1 kHz between −0.8 VAg/AgCl and −0.5 VAg/AgCl after 6 hours of
anodizing in deaerated seawater at 6, 10, 14 and 25 °C (linear fits and slope values overlaid)

For n-type semiconductors, the charge distribution as a function of applied
potential can be determined through {E- 7-12}, where Nd represents the donor density, Efb
is the flat-band potential, k is the Boltzmann constant, T is the temperature in Kelvins, 
is the dielectric constant of the passive layer ( ≈ 10 for Al alloys [176]), 0 is the
vacuum permittivity (8.85 x 10−14 F cm−1), and e is the elementary charge (1.6 x 10−19 C).
1
Csc

2

=

2
kT
(E − Efb − )
εε0 eNd
e

{E- 7-12}

Thus, Nd for the passive layer anodized on B206 in deaerated seawater can be
determined from the corresponding 𝜀𝜀

2
0 𝑒𝑁𝑑

term or slope S in the experimental Csc−2 vs.

potential plot of Figure 7-7. Using the linear fit slope values overlaid on the figure, Nd
values are calculated and plotted in Figure 7-8.
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Figure 7-8: Donor density and passive layer thickness values for B206 anodized for 6 hours in deaerated
seawater at temperatures between 6 and 25 °C, calculated from Mott-Schottky and EIS results, respectively.

The Nd values are seen to increase with the temperature of the anodizing solution.
These Nd values are comparable to the densities on the order of 1020 cm−3 measured for
the passive layers of other Al alloys in the literature [167,176,177]. Based on the point
defect model [178,179], increased Nd indicates an increase in defects in the anodized
passive layer with temperature. In light of the established attribution of n-type behavior to
metal interstitials and oxygen vacancies in the oxide layer [165,176,177], the trend in
Figure 7-8 specifically reveals an increased density of oxygen vacancies in the Al2O3
inner layer at higher temperatures. This increased oxygen vacancy density at higher
temperature is directly correlated to increased conductivity and thus decreased
protectiveness of the Al2O3 layer [180], agreeing with the trend of passive current density
results of Figure 7-2 (a) and Figure 7-3, and the decreased Rf results with temperature
shown in Table 7-2. Thus, it is shown here that increasing the temperature of the
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anodizing solution not only weakens the Al(OH)3 outer layer on B206, it also leads to a
less resistive Al2O3 inner layer due to a more defective electronic structure containing a
higher density of oxygen vacancies.
The role of increased temperature in the reduction of the anodized film’s
protection is further supported through calculation of the passive layer thickness. As
overlaid on the Nd results of Figure 7-8, a decrease in the thickness of the passive layer
with temperature was found through calculations using the Power-Law (P-L) model
[75,181–183]. The model converts the CPE parameter for the passive layer (Qf in
Table 7-2) to an effective capacitance for the layer represented by Cf, through a
relationship involving the largest measured frequency ( 𝑓𝑚𝑎𝑥 ), and the exponent n
describing the capacitive idealness of the CPE [183]:
Cf = 𝐠Q f (2π𝑓𝑚𝑎𝑥 )n−1

{E- 7-13} (a)

𝐠 = 1 + 2.88(1 − n)2.375

{E- 7-13} (b)

The 𝐶𝑓 values corresponding to the 𝑄𝑓 results at each temperature determined
from modeling the EIS results are shown in Table 7-2. The thickness of the anodized
passive layer (df) on B206 after 6 hours is then calculated through {E- 7-14}, where A is
the effective surface area of the specimen and the remaining 𝜀, 𝜀0 , and 𝐶𝑓 parameters are
the same as what has been previously described:
df =

εε0 A
Cf

{E- 7-14}

The decreasing df with increasing temperature can be seen in Figure 7-8 which
corroborates previously discussed results from Mott-Schottky, EIS, and polarization of
both the potentiostatic and potentiodynamic type.
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Summary
The properties and growth of corrosion products on the B206 sample in deaerated
artificial seawater at different temperatures are studied using EIS, i decay analysis, and
Mott-Schottky.
Electrochemical studies on B206 demonstrated that the effect of dissolved oxygen is
more significant than that of temperature. The anodic polarization curves present an
active-passive-breakdown transition in deaerated environment. While in an aerated
environment, localized corrosion of B206 can occur under open circuit conditions. The
anodic polarization curves present an active-passive-breakdown transition in a deaerated
environment. While in an aerated environment, localized corrosion of B206 can occur
under open circuit conditions. The protectiveness of the outer Al(OH)3 layer formed
through anodizing B206 in deaerated seawater decreases with increased temperature in
the 6 – 25 °C range due to the higher rate of Cl−-induced Al(OH)3 dissolution. Increased
diffusion of electroactive species with temperature suggests the enhanced breakdown of
Al(OH)3 at higher temperatures, forming larger sized pores reaching the Al2O3 inner
layer.
Increasing the temperature of the deaerated seawater anodizing solution increases
the donor density (mainly oxygen vacancies) of the Al2O3 inner layer, further
contributing to the reduced resistivity and protectiveness of the overall duplex-structure
passive layer on B206. The temperature-dependent trend in the passive layer thickness
supports the decreased protectiveness (due to smaller thickness) at higher temperatures in
the 6 – 25 °C range. Therefore, the results in this chapter may support the choice of
anodizing for hub components to reduce corrosion. However, the degree of protection
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afforded by anodization will clearly depend on the turbine placement location (colder and
deeper when the amount of dissolved oxygen is negligible).

125

8

8. Investigation of cathodic disbondment of an epoxy
coating on B206 substrate under different levels of
cathodic protection in seawater
The results in chapter 6 on the effect of retrogression and re-aging (RRA) heat

treatment, which has been shown to improve the corrosion and mechanical properties of
7xxx series aluminum alloys [57,58,60,61], on B206 have shown that heat-treated
samples are as susceptible to corrosion as the as-cast ones over long immersion periods.
Therefore, heat treatment is not a promising route to increase the corrosion resistance of
these alloys, thus, further protection is necessary to limit corrosion rates. On the other
hand, as mentioned in chapter 7, in a naturally aerated environment, localized corrosion
of B206 can occur under open circuit conditions and the anodic polarization curve of
B206 does not show the active-passive transition. Furthermore, the thickness of the
passive layer decreased with increasing temperature. Therefore, anodizing the surface to
protect the alloy from corrosion would only be useful if the temperature of the seawater
and the depth of the turbine were such as to preclude elevated temperatures and high
oxygen concentrations.
As mentioned in section 2.2, a combination of cathodic protection and protective
coating(s) is the most effective and the most economical method of corrosion control
[33,34]. Applied coatings are not perfect and will contain defects, which threaten the
proper protection of the substrate. On such a coated structure subject to CP, the cathodic
current protects the metal surface at the bottom of the coating defect. However,
application of CP in these situations could accelerate the deterioration of the coating and
cause coating disbondment [33]. Therefore, the protection effect will only be obtained if
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the CP system is compatible with the chosen coating. Thus, the choice of cathodic
protection potential becomes very important.
In this chapter, first, results obtained from the immersion of bare B206 samples in
natural seawater (Esquimalt harbor, Victoria, BC, Canada) for 1 year are presented to
demonstrate the extent of the corrosion problem for this alloy. Second, we investigate the
effect of various CP potentials on coating disbondment using electrochemical
measurement techniques and microstructural analysis. EIS is used to characterize the
corrosion protection performance of an epoxy coating combining with CP. The coating
disbondment under different levels of CP is addressed both with electrochemical
techniques and optical and SEM characterization.

Corrosion of the unprotected samples immersed in natural
seawater
Mass loss and corrosion rate measurements of the B206 samples subjected to a
natural seawater environment were conducted on the samples following the total
immersion time of one year (sample collection for weighing occurring at 38, 80, 129,
180, 224, 273, 318 and 366 days). When removed from the seawater, white corrosion
deposits were observed on the surfaces of the samples (Figure 8-1).
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Figure 8-1: B206 corrosion samples following 42 days (80 days total) exposure, before cleaning

The deposits on the B206 samples were small, and numerous, covering a large
surface area of the sample. Even after scrubbing with a toothbrush, adherent corrosion
products remained on the surface and in the pits of these samples. Following cleaning,
pitting was generally observed under where these deposits had been. Although not
quantified in the present work, there did appear to be an increase in both the size and
number of pits following each exposure period, as shown in Figure 8-2.
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(a)

(b)

(c)

Figure 8-2: Pictures of the coupons for after 38, 80 and 129 days (a-c) for B206

After each immersion interval, the samples were cleaned and weighed, and then
returned to the seawater for additional exposure. The cumulative mass loss as a function
of time for the B206 is shown in Figure 8-3. With each subsequent exposure period, the
mass loss is found to increase almost linearly. Examination with an optical microscope
showed that the corrosion attack on the B206 was confined to the dendrites (Figure 8-4).
The corrosion products, which were scraped off of the samples analyzed by EDX,
consisted primarily of aluminum, oxygen, and silicon.
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Figure 8-3: Cumulative mass loss against time for aluminum B206 in natural seawater. Mass loss from
initial is the mass loss data obtained from the initial mass measurements (before any immersion in
seawater) and mass loss from previous is the mass loss data obtained from mass measurements before and
after each immersion intervals.

(a)

(b)
Figure 8-4: Corrosion attack morphology for aluminum B206 after (a) 38 and (b) 80 days of
immersion in natural seawater

General corrosion rates can be calculated from the mass loss data however, as it
can be seen in Figure 8-4, localized attack occurred at the surface of B206 in natural
seawater. Therefore, the calculation of the corrosion rates from the mass loss data and
comparing the obtained data with the electrochemical experiments in artificial seawater
would not result in an accurate comparison [184]. Nevertheless, the steep increase in the
measured weight loss data with increasing immersion time shows that B206 alloy will
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corrode rapidly in natural seawater and hence, would require a protection method such as
CP to have a better long-term in-service performance.

Cathodic corrosion protection potential studies
Figure 8-5 shows the cathodic polarization curve of the B206 at 10 ºC in artificial
seawater solution.

Total current
H2 Evolution

O2 reduction

Figure 8-5: Cathodic polarization curve of B206 at 10 ºC in seawater

It can be seen that, as the potential shifted from the corrosion potential to the
cathodic direction, a section of concentration polarization resulting from the DO
reduction reaction and a section of active polarization resulting from hydrogen gas
generation appeared as follows, respectively:
O2 + 2H2 O + 4e− ↔ 4OH −

{E- 8-1}

2H2 O + 2e− ↔ H2 + 2OH −

{E- 8-2}

The current density is relatively stable between these two regimes. If the electrode
potential is lower than the potential of hydrogen evolution, the cathodic current density
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will increase rapidly. The intersection of the Tafel extrapolation for the HER and ilim for
the ORR (~10−5 A cm−2) showed that this potential is ~ −1.02 VAg/AgCl. Thus, based on the
results above, the range for the corrosion protection potentials can be identified from
−0.65 VAg/AgCl (which is close to the corrosion potential) to ~ −1 VAg/AgCl in which the
ORR appears to be the dominant cathodic reaction. The current densities in this potential
range had very low values of ~10−5 A cm−2.
Figure 8-6 shows the current density change with time obtained by conducting
potentiostatic experiments in the cathodic region in artificial seawater. The current
density at the potential of −0.60 VAg/AgCl showed a tendency of slow decrease, however,
as this potential is very close to OCP, this current is still under activation control. It can
be seen that there is a big difference between the current density values at potentials of
−0.60 and −0.65 VAg/AgCl. The current densities for the potentials of −0.70, −0.75, −0.80,
−0.85 VAg/AgCl were similar and just the results for −0.85 VAg/AgCl are shown in
Figure 8-6. Generally, the current densities for the applied potentials in this range rapidly
increased at the beginning of the experiment and stabilized at around −20 to −22 µA cm−2
after 6000 seconds. It is clear that the reaction in this range is limited by the diffusion of
oxygen to the surface and the cathodic current density is independent of the potential. As
discussed for the cathodic polarization curve (Figure 8-5), it is considered that the current
densities increased under the effect of activation polarization from −1 VAg/AgCl which is a
turning point between the concentration polarization due to ORR and the activation
polarization by hydrogen gas generation. However, based on the potentiostatic
polarization results, it seems that the current densities began to increase at potentials
around ~ −0.95 VAg/AgCl. Potentiostatic polarization curves at more cathodic potentials
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clearly showed that the cathodic reaction is dominated by the HER. As can be seen in
Figure 8-6, the current density at −1.05 VAg/AgCl increases and reaches ~ −26 µA cm−2. It
can be concluded that the corrosion protection potentials for B206 should be −0.70 to
−0.90 VAg/AgCl as the oxygen reaction is the dominating cathodic reaction in this potential
range.

Figure 8-6: Potentiostatic polarization curves of B206 with various applied potentials in seawater solution
at 10 ºC

Long-term EIS measurements on coated B206 samples
8.3.1 Samples without an artificial defect
Figure 8-7 (a) and (b) show Bode plots obtained from the coated sample without
artificial defect at OCP and under cathodic potential of −0.7 VAg/AgCl for different
exposure periods.
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Figure 8-7: Bode plots obtained from the intact coated sample (a) at OCP, (b) under CP potential (−0.7
VAg/AgCl) and (c) impedance evolution at 0.01 Hz frequency, respectively (at OCP and at −0.7 VAg/AgCl CP)
for different exposure periods.

The impedance data for all samples were collected periodically during 30 days of
exposure to seawater solution. A decrease in the magnitude of the impedance can be seen
with exposure time at OCP. However, the impedance of the coated samples under CP did
not change significantly with the exposure time. The total impedance values measured at
low frequencies are usually used to evaluate the corrosion resistance of the system in
coating and CP studies [90,98,185,186]. In both cases, Bode plots show a relatively high
impedance (impedance value of 108-107 Ω cm2 at low frequencies) at the beginning of
exposure. The large magnitude of the impedance (>1 × 107 Ω cm2) and the 90° phase
angle are considered to be characteristics of a good coating in the literature [93].
However, it should be mentioned that the main goal of this chapter was to determine the
effect of CP on the protective properties and any possible disbondment of the coating at
134

different cathodic potentials. Therefore, the results of this study should not be implied to
infer a method of determining the adhesion, physical properties or quality of the
particular coating that has been used. As it can be seen in Figure 8-7 (b), the impedance
values at low frequencies and the phase angle remain close to 108 Ω cm2 and 90°,
respectively, which show that the coating keeps its resistivity and capacitance
characteristics at −0.7 VAg/AgCl CP for the entire immersion period. The system resistance
was determined from the |Z|at10mHz which indicates the total resistance (solution, charge
transfer and coating resistance) of the system (Figure 8-7 (c)).
As seen from Figure 8-7 (c), the degradation of the system is faster at OCP and
the impedance decreases to values close to 106 Ω cm2 while it remains almost constant at
−0.7 VAg/AgCl CP. Therefore, with increasing immersion time, the coating with CP
showed better corrosion resistivity and the difference between |Z|at10mHz values for coated
samples with and without CP are nearly one order of magnitude at the end of the
experiments. The large amplitude of the impedance (>1×107 Ω cm2) even after 30 days of
exposure suggests that almost no corrosion products were produced and accumulated at
the metal/coating interface when CP was applied.
EIS data collected for coatings without an artificial defect but with CP showed
that long immersion periods were needed to obtain coating degradation and, thus to
properly evaluate the compatibility between coatings and cathodic protection. Therefore,
electrochemical measurements were conducted on the coated samples with an artificial
defect.
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8.3.2 Samples with an artificial defect
The Bode magnitude measured for the defect samples at −0.7 VAg/AgCl in
Figure 8-8 (a) shows that the impedance is lower than that of the intact coated samples
(obviously because of the artificial 1 mm diameter defect). Yet, this difference is
relatively small (one order of magnitude) and suggests that a larger contribution from the
coating itself (rather than the bare substrate) was seen in the impedance data of the defect
sample. The impedance of the coated metal in the frequency range of 0.1-0.01 Hz with
artificial defect increased up to 10 days of exposure and then decreased slightly to the end
of the exposure period. Another observation regarding the Bode magnitude graphs is that
the impedance response of the defect samples did not change after 20 days of exposure to
the solution. Increasing |Z|at10mHz values up to 10 days show the compatibility of the
coating and the CP leading to postponement of the disbondment. The decrease of
|Z|at10mHz can be attributed to a scale deposited form the seawater upon alkalization from
CP. It is also notable that the decrease in |Z|at10mHz is not significant. Thus, it can be
assumed that the artificial defect in the coated sample was partially blocked due to the
deposits. This would protect the substrate and prevent a significant decrease in the sample
impedance, which will be further discussed.
The phase angle is a very sensitive indicator of coating damage. Poor separation
of time constants in the Bode phase plot can be seen after 1 day of exposure, as shown in
Figure 8-8 (b). However, after 5 days of exposure, the separation of the time constants
became more obvious at high and medium frequencies.
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(a)

(b)

(c)

Figure 8-8: (a) Bode magnitude, (b) Bode phase angle and (c) Nyquist diagrams collected for defected
coated samples after 1 h and 5, 10, 20 and 30 days of exposure to −0.7 VAg/AgCl

The proposed circuit shown in Figure 8-9 (a) was used to fit the obtained EIS
data. According to Figure 8-9 (a), Rsol represents the solution resistance (not considered
as an important parameter in the analysis of coating performance). Rcoat (coating
resistance), which is often used in a general equivalent circuit for coated metals, indicates
coating resistance at a constant phase element (CPEcoat). Rd indicates resistance at the
bare substrate at the artificial defect in parallel with the corresponding CPEd. CPEs were
used instead of ideal capacitors to account for frequency dispersion due to surface
heterogeneities.

137

Rsol: Simulated seawater solution resistance
Rcoat: Coating resistance
CPEcoat: Constant phase element corresponding to coating capacity
Rd: Resistance of the corrosion products at artificial defect
CPEd: Constant phase element corresponding to the corrosion products inside the artificial defect
Rdis: Polarization resistance at disbonded area
Cdis: Capacitance corresponding to the corrosion products at disbonded area
Figure 8-9: EEC used to fit EIS data for coated samples with defect under (a) −0.7 and (b) −0.9 VAg/AgCl

To convert a constant phase element, the coating and double layer capacitances
are calculated using the following equation [149]:
1

𝐶 = 𝑃𝑛 𝑅

1−𝑛
𝑛

{E- 8-3}

In the above expressions P is the magnitude of the CPE and n is the deviation
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parameter. Table 8-1 summarizes electrochemical parameters obtained by analyzing EIS
data.
Table 8-1: The coating capacitance and resistance of the B206 sample under −0.7 VAg/AgCl CP at different
exposure time derived from analysis of EIS data measured

Time (hour)

-0.7 V vs. Ag/AgCl
Rcoat(Ω cm2)
Ccoat(µF cm )
−2

𝝌𝟐

24
120

0.52
0.22

6.1 x 105
1.9 x 104

3.43 x 10-3
3.46 x 10-3

240

0.12

2.8 x 104

1.27 x 10-3

480

0.03

2.1 x 104

1.02 x 10-3

720

0.03

1.9 x 104

8.66 x 10-3

It can be seen from Table 8-1 that Rcoat decreased with the passage of time, which
indicates the degradation of the coating with time. The coating capacitance data shown in
Table 8-1 reveals that there is a slight decrease in the capacitance of the coated samples
up to 10 days. However, the coating capacitance decreased rapidly from 10 to 20 days.
This rapid decrease has been reported to be attributed to the filling of defects by
corrosion products [185].
The protection current was recorded during the exposure and the results are
presented in Figure 8-10 (a). The decrease of the current densities might be related to the
formation of deposits at the defect as a consequence of the alkalinity. It may be
concluded that the variation of the current results from the competition of the two
opposite processes; the increase in the corrosion process due to the coating degradation
and the decrease of the bare metal area due to the formation of a visible deposit having
limited protective properties.
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Figure 8-10: Protection current densities as a function of time for the coated sample with an artificial
defect polarized to (a) −0.7 V Ag/AgCl and (b) −0.9 VAg/AgCl.

After around 2 weeks of polarization at −0.7 VAg/AgCl, visible white deposits were
observed at the hole in the coated sample. SEM micrographs of this sample after the
whole exposure period (Figure 8-11) showed that the corrosion damage is largely
confined to the surface of the hole, with the start of some damage on the hole wall. It can
also be seen that the porous corrosion products partially blocked the defect area. These
micrographs also confirm the assumptions that have been made to explain the increase in
the impedance and decrease in the current densities during the course of exposure.
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(a)

(b)

Figure 8-11: (a and b) SEM micrographs indicating some porous corrosion products partially blocked the
defect area on the coated surface after 30 days of exposure to seawater solution under −0.7 VAg/AgCl CP

The EIS results for the coated samples at a CP potential of −0.8 VAg/AgCl showed
little or only a slight difference compared to the ones at −0.7 VAg/AgCl, suggesting that the
corrosion response of the coated sample will not change with an increase of 0.1 VAg/AgCl
in CP. Figure 8-12 shows the Bode magnitude and phase plots for the holiday samples at
−0.9 VAg/AgCl (the potential close to the limit potential of −1 VAg/AgCl) at different times of
exposure in artificial seawater. It can be found in Figure 8-12 that the impedance
behavior is different for the defect coated sample under more cathodic potentials.

(a)

(b)

Figure 8-12: (a) Bode magnitude and (b) Bode phase angle collected for defect coated samples after
different times of exposure to −0.9 VAg/AgCl

Regarding Bode phase diagrams, the poor separation of time constants in the
Bode phase plot after 1 day of exposure at CP of −0.7 VAg/AgCl has been changed to two
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obvious separate time constants. The main difference between the impedance behavior of
the defect coated sample at −0.7 and −0.9 VAg/AgCl is the presence of a third time constant
at low frequencies of ~ 0.1 Hz with an increase in test duration. Generally, the
appearance of more than one time constant reflects the diversity of the phenomena that
occur in the system. Coated systems are usually defined as models in which the high
frequency part characterizes the coating behavior while the lower frequencies describe
the behavior of the metal in direct contact with the electrolyte at the bottom of the pores
or at defects or disbonded areas [187]. Therefore, the appearance of the third time
constant after immersion for 5 days, can be interpreted to correspond to a corrosion
reaction under the coating, suggesting that the coating was disbonded and that the
corrosion process occurred under the disbonded coating. This is supported by the
observation of coating disbondment in the optical and SEM micrographs and will be
discussed later. It should also be noted that the time constants (after 5 days) at high
frequencies are not well defined and as obvious as the ones at −0.7 VAg/AgCl. At the early
stage of exposure, the impedance suddenly drops to lower values, resulting in a loss of
protection, and then shifts upward in Bode magnitude (the Bode phase plot disclosed two
time constants at this stage). Afterwards, an increase in the Bode magnitude indicates an
improvement in corrosion resistance. Between 5 and 30 days of exposure, the Bode phase
behavior and the impedance magnitude at low frequencies do not show a significant
change. However, at 30 days of exposure a slight decrease in impedance can be seen. As
mentioned above, the |Z|at10mHz values indicate the total resistance. It might be deduced
that the corrosion occurred substantially at defects in the first day of exposure and the
accumulation of the corrosion products (up to 5 days) at defects decreased the corrosion
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rate. It can also be inferred that at the initial stage of exposure (between 0 and 5 days) of
the coated specimen with holiday at −0.9 VAg/AgCl the coating disbondment started and the
corrosion resistance decreased. However, with an increase of the exposure time to 5 days,
accumulation of the corrosion products on the bare substrate under the disbonded area led
to a decrease in the rate of the corrosion process. As it is mentioned above, the difference
between the electrochemical behavior of the samples at −0.7 VAg/AgCl and −0.9 VAg/AgCl
CP is the appearance of a third time constant at low frequencies as a result of a new
reaction at −0.9 VAg/AgCl. Thus, using EEC shown in Figure 8-9 (a) (used for samples at
−0.7 VAg/AgCl) would not lead to a good fit for samples at −0.9 VAg/AgCl and it requires to
add another RC. Therefore, the EEC shown in Figure 8-9 (b) was used to fit the obtained
EIS results at −0.9 VAg/AgCl. In this model, Rdis and Cdis indicate the resistive and
capacitive response of the disbonded area. The suitability of the EEC was indicated by
the Chi-squared (χ2) value (corresponding fitting values had the lowest χ2 values (lower
than 10−4) for EEC shown in Figure 8-9 (b)) as well as the good agreement between the
fitted and experimental EIS plots (Figure 8-13). This indicates that the equivalent circuit
{Rsol(CPEcoat(Rcoat(CPEd(Rd(CdisRdis)))))} is suitable for the investigated systems. The
results are presented in Table 8-2.
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Figure 8-13: Example of a fitted result for a selected EIS diagram (5 days)
Table 8-2: EIS parameters fitted from the response of the coated sample with defect at −0.9 VAg/AgCl
−0.9 V vs. Ag/AgCl
Time
hour

Qcoat
(Ω−1 sn

cm−2)

n

Rcoat

Qd

(Ω cm )
2

(Ω−1 sn

cm−2)

n

Rd

Cdis

Rdis

(Ω cm )

(F cm )

(Ω cm2)

2

-2

24

1.5 x 10−6

0.7

26280

1.6 x 10−5

0.9

2.4 x 105

-

-

120

1.1 x 10−6

0.6
3

11770

2.6 x 10−7

0.8
5

3.5 x 105

1.1 x 10−5

3.8 x 105

240

9.6 x 10−7

0.6
7

8265

2.6 x 10−7

0.7
1

4.4 x 105

1.3 x 10−5

4.2 x 105

480

2.8 x 10−9

0.9
4

976

1.4 x 10−6

0.5
9

1.8 x 105

1.0 x 10−7

9.5 x 105

720

4.2 x 10−9

0.9
9

890

1.7 x 10−6

0.5
2

7.9 x 104

6.1 x 10−8

1.1 x 106

9

4

The corrosion resistance values of the tested samples were determined from the
magnitude of the impedance data at 0.01 Hz as a function of immersion time as well as
the coating resistance and capacitance, and the values are presented in Figure 8-14.
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Figure 8-14: Corrosion resistance as a function of (a) coating resistance, (b) coating capacitance and (c)
impedance at 0.01 Hz frequencies with exposure time for the coated sample with artificial defect at
−0.9 VAg/AgCl
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The coating resistance is reduced significantly from 26280 to 978 Ω cm2 over 20
days of exposure, indicating that the electrolyte was able to penetrate through the coating.
However, in the last 10 days of exposure the rate of decrease became insignificant and
the coating resistance stayed constant. On the other hand, the coating capacitance
decreased first followed by a slight increase in the last 10 days of exposure. The increase
in coating capacitance is the result of electrolyte penetration into the coating. Both of
these findings suggest a general degradation of the coating after 20 days of immersion at
−0.9 VAg/AgCl CP. The resistance of the B206 coated sample at −0.9 VAg/AgCl (Figure 8-14
(c)) shows a relatively complex trend: it decreases gradually in the initial 24 h of
exposure, then it increases sharply with exposure time up to 120 h of exposure followed
by a gradual increase to 630 hours and falls again at 720 h. In the early stage of exposure
in artificial seawater, corrosion at the defect and degradation of the coating under
cathodic polarization results in the reduction of impedance. However, with passage of
time, the bare surface of the alloy at the defect and damaged interface area of the
substrate/coating can be covered with corrosion products, which can protect the system
from further corrosion. The relatively stable impedance values from 408 to 636 hours can
be due to this process. However, it seems that after immersion for 636 h, the corrosion
products were penetrated by the electrolyte, resulting in the sudden decrease of
impedance.
The protection current was recorded during the exposure of the coated sample
with an artificial defect polarized to −0.9 VAg/AgCl and the results are presented in
Figure 8-10 (b). Within the first day of exposure, the protection current densities showed
a large decrease to approximately 0.6 µA cm2 followed by a sharp increase (indicating
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decrease of the coating resistance) and then reached relatively steady state values (~ 0.8
µA cm2) after almost 10 days. The decrease of the current densities might be related to
the formation of the corrosion products as a consequence of the alkalinity.
According to the EIS experiments, it is proposed that disbondment of the coating
occurred under −0.9 VAg/AgCl CP. The optical micrographs of the coated samples under
−0.7 and −0.9 VAg/AgCl after 30 days of exposure to solution (Figure 8-15) revealed that
no coating disbondment occurred at −0.7 VAg/AgCl CP. However, for the sample at −0.9
VAg/AgCl CP it seems that corrosion phenomena started from the defect and the interface
between coating and substrate and propagated through the substrate under the coating as
indicated by color changing to red around the defect.

Figure 8-15: Optical images of coated samples with an artificial defect after exposure for 30 days in
artificial seawater at 10 °C under (a) −0.7 VAg/AgCl and (b) −0.9 VAg/AgCl. Coating disbondment can be seen
under −0.9 VAg/AgCl CP
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The cross-sectional back-scattered electron micrograph of the coated sample at
−0.9 VAg/AgCl in Figure 8-16 shows the coating disbondment and corrosion product
development beneath the coating in the vicinity of the artificial defect.

Figure 8-16: (a) SEM micrograph of a cross-section of the coated B206 under −0.9 VAg/AgCl CP for 30 days
in seawater solution and (b) Schematic representation of the delamination process

In the EIS measurements shown in Figure 8-12, the formation of these corrosion
products was detected as the presence of a third time constant at low frequencies.
Figure 8-16 (b) shows the schematic representation of the disbondment process.
Finally, in order to evaluate the coating behavior at over protection potentials, the
coated sample was exposed at −1.1 VAg/AgCl (in the hydrogen evolution region). The EIS
response is shown in Figure 8-17. Low impedance values (<1 × 106 Ω cm2) can be seen
from the beginning. The Nyquist diagrams of the sample at this potential show the
formation of an elaborate semicircle that is consistent with a coating time constant at high
frequencies, implying access of solution to the metal surface and thus the occurrence of
coating disbondment. The high frequency time constant (related to the coating properties)
eventually exceeded the measured frequency range. This can be easily seen in the Bode
phase plot of the coated sample after 408 hours of exposure. This evolution suggests that
the barrier properties of the coating generally degraded with time. It can be seen that the
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second time constant relating to electrochemical reactions at metal surface (at low
frequencies) can be well distinguished from the very early stage of cathodic disbondment
and the second semi-circle on the Nyquist plot is recognizable. This implies more
advanced cathodic disbondment occurred at more negative potential [93]. Comparing the
Bode phase angle diagrams for the sample at different exposure times, the elimination of
the time constant at high frequencies is observable. This indicates that extending the
exposure time probably resulted in the decrease in the contribution of the coating
impedance to the overall impedance and thus the impedance data from the disbonded
metal surface becomes dominant. The magnitude of impedance at this stage drops to
values around 3 × 104 Ω cm2.

Figure 8-17: Electrochemical response of the coated sample with an artificial defect under −1.1 VAg/AgCl (a)
Bode magnitude, (b) Bode phase and (c) Nyquist graphs
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Summary
Data obtained from weight loss measurement for 1 year in natural seawater
showed that B206 would corrode rapidly and, therefore, needs further protection to safely
be used in-service conditions. EIS, as an in-situ monitoring technique, has been used
rather than the visual inspection methods to get more reliable data. The obtained results
were confirmed with SEM micrographs. Therefore, EIS can be used as an adequate
technique for determination of the disbondment of an epoxy coating under different
levels of CP potential. Table 8-3 summarizes the obtained results regarding the
electrochemical behavior of the B206 coated samples with and without a holiday in
artificial seawater at different levels of CP.
The results indicate that application of CP improves the protective property of the
epoxy coating as the coating |Z|at10mHz values stayed around 108 Ω cm2 for the entire test
period. The effect of CP potential levels on the degradation of the coating containing an
artificial defect has also been investigated using EIS. The cathodic disbondment has been
found to be highly dependent upon the applied CP potential. During the exposure of the
coated sample with an artificial defect at −0.7 VAg/AgCl CP, EIS results showed two time
constants (at high and medium frequencies), which indicates that the coated sample
shows a stable corrosion resistance and the substrate under the coating did not corrode at
−0.7 VAg/AgCl during the whole test.
However, application of −0.9 VAg/AgCl on the coated sample results in coating
disbondment as evidenced by a third time constant appearing at the low frequencies,
corresponding to a corrosion reaction and a reduction in the protective properties of
coating. The disbonded area was also observed via optical and SEM micrographs.

150

Comparing the Bode phase angle diagrams for the sample at different exposure
times at −1.1 VAg/AgCl, the elimination of the time constant at high frequencies is
observable which indicates that the impedance data from the disbonded metal surface
becomes dominant and HER becomes significant.
The findings in this chapter show the performance and the compatibility of CP
with the chosen coating in the protection potential range of −0.7 to −0.9 VAg/AgCl. Coating
disbondment at −0.9 VAg/AgCl was shown based on both EIS and SEM results. No
disbondment was observed at −0.7 VAg/AgCl. Therefore, the combination of CP at −0.7
VAg/AgCl and the coating can be used as an effective corrosion protection method for the
hub component in practical applications.
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Table 8-3: Summary of the obtained electrochemical and microstructural results for the coated B206 alloy
with and without an artificial defect at different cathodic potential levels
Potential
With defect

Without defect

(VAg/AgCl)
OCP

---

 |Z|at10mHz value of ca. 108 Ω cm2 at low
frequencies at the beginning of
exposure
 Decrease in the magnitude of the
impedance from 7×107 to 3×106 Ω cm2
in 744h
 The degradation of the system is faster
compared to the system with CP

−0.7

 Two time constants in Bode phase plots
at high (corresponding to the coating
behavior) and medium frequencies
(corresponding to the capacity of the
coating/substrate)
 The decrease in |Z|at10mHz is not
significant
 The coated sample shows a stable
corrosion resistance and the coating
disbondment under it did not corrode at
−0.7 VAg/AgCl based on optical and SEM
micrographs

 |Z|at10mHz values stayed around 108
Ω.cm2 for the whole test period
 |Z|at10mHz values and the phase angle
stayed ca. 108 Ω cm2 and 90°,
respectively, for the whole test period
show that the coating keeps resistivity
and capacitance characteristics at −0.7
VAg/AgCl CP for the entire immersion
period

−0.9

 Appearance of the third time constant
in Bode phase plots at low frequencies
 Coating disbondment by showing a
third time constant, corresponding to
corrosion reaction
 The disbonded area also observed in
optical and SEM micrographs

---

−1.1

 Low impedance values ca. 1×106 Ω cm2
 Elimination of the time constant at high
frequencies
indicates
that
the
impedance data from the disbonded
area becomes dominant and hydrogen
evolution reaction becomes significant

---
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9. The effect of casting porosity on the changes in local
chemistry inside the pores
Corrosion properties of aluminum alloys, which owe their corrosion resistance to

the formation of passive films on their surface, might be affected by processing defects
such as porosity. These defects result in the localized breakdown of the passive film and
pitting corrosion [106]. Moreover, the presence of porosity will increase the exposed
surface area in the solution [107]. In order to study the effect of casting porosity on the
corrosion rate of B206, potentiodynamic polarization experiments were tried on
specimens that contained different size pores (qualitatively smaller and larger pores) from
different sections of the casting. However, those measurements did not show any
significant difference in corrosion behavior of the specimens.
As noted in section 2.3, it seems that the 1D-artificial pit technique (pencil
electrode) can be used to simulate the casting porosity to understand the effect of these
defects on corrosion properties. However, one of the major experimental limitations
encountered for aluminum was that the pit is frequently blocked with hydrogen bubbles
during testing [120]. Therefore, as shown in Figure 2-11, the anodic dissolution process
for aluminum and aluminum alloys may result in mass transport control (formation of a
salt layer) only at high anodic potentials in highly concentrated AlCl3. Therefore, at low
chloride concentration, the pit growth follows the ohmic law and, thus, the anodic current
cannot be determined from the potentiodynamic polarization experiments. However,
using the experimental set-up shown in Figure 4-9 to collect the evolved hydrogen gas
during the potentiostatic polarization of the B206 pencil electrodes at different anodic
potentials can help to determine the aluminum anodic dissolution current using {E- 4-4}.
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Therefore, this research, for the first time, will show how the corrosion behavior of the
B206, might be affected by porosity. The aim of this work is to measure the effect of the
porosity on B206 dissolution kinetics. The attribution of the corrosion behavior to the
changes in local chemistry inside the pores is a new field of research, which will
represent a fundamental contribution to corrosion science.

Determining the QH2/Qanode, conductivity and potential of the pore
bottom
Potentiodynamic polarization curves for B206 pencil electrode in seawater solution
at 22 °C did not show any mass transport limited conditions even at high potentials of 3
VAg/AgCl. This behavior is reasonable since it has already been reported in the literature
that the convection induced by hydrogen evolution prevents the formation of a
continuous salt film and, therefore, the pit growth will be limited only by ohmic
resistance in the solution and not mass transport [116,117]. Thus, the charge associated
with anodic dissolution of aluminum (Qanode) cannot be calculated from the
potentiodynamic polarization curves. However, as it is mentioned above, it can be
determined from {E- 4-4} (𝑄𝑛𝑒𝑡 = 𝑄𝑎𝑛𝑜𝑑𝑒 − 𝑄𝐻2 in which QH2 can be determined using
the experimental set up shown in Figure 4-4). (The volume of the hydrogen gas evolved
at different potentials can be found in Table D-1 in Appendix D.) Figure 9-1 shows the
effect of applied potential on Qnet, QH2 and Qanode (the same as what has been described in
section 4.2.1) for the 3600 s potentiostatic polarization in artificial seawater at 22 °C.
This figure can be used to calculate the ratio of the iH2/ianode. As seen in Figure 9-1, the
iH2/ianode for B206 pencil electrodes can be calculated to be around 30%. In literature
[117,120,188], the ratio of iH2/ianode was estimated to vary from 10% to 15% for pure
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aluminum. However, the aforementioned studies used pure aluminum as the pencil
electrode. The difference between the materials that have been used might be the reason.
They assumed that the charge associated with oxygen reduction is negligible. However,
as discussed earlier in chapter 0, the intermetallic particles in B206 directly support the
oxygen reduction at their surface. Therefore, although, we made the same assumption in
this study, the contribution of the ORR to the cathodic reactions for B206 might be higher
with respect to pure aluminum in the previous studies.

Figure 9-1: Effect of applied potential on Qnet, Qanode and QH2 in artificial seawater at 22 °C

Under pure ohmic control, the net current density is given by the ratio of the
voltage drop to the resistance:
𝑖𝑛𝑒𝑡 =

𝛥𝛦
𝛥𝛦
=
𝐴𝑅 𝑅𝑠 𝛿

{E- 9-1}

where inet (A cm−2) is the net current density, E (V) is the potential difference that is
creating the ohmic potential drop, A is the surface area in cm2, R (Ω) is the average
solution resistance in the pore, Rs (Ω cm) is the average specific resistance of the
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electrolyte in the pore, and δ (cm) is the depth of the pore. The net current density must
be considered instead of total anodic current density because the ohmic potential drop
results only from the net current flowing out of the pore. The ratio of the local cathodic
current density to the anodic current density is labelled Rca, (which is shown in Figure 9-1
to be around 30%). Therefore, inet = (1- Rca) ianode [120]. The total anodic current density
can be defined by Faraday’s law, as shown in {E- 4-5}. Therefore:
𝑖𝑛𝑒𝑡 = (1 − 𝑅𝑐𝑎 )𝑖𝑎𝑛𝑜𝑑𝑒 = (1 − 𝑅𝑐𝑎 )(𝑑𝛿/𝑑𝑡)(𝜌𝑛𝐹/𝑀)

{E- 9-2}

where t (s) is time. Rearranging {E- 9-1} and {E- 9-2} gives:
𝛿𝑑𝛿 =

△ 𝐸𝑀𝑑𝑡
(1 − 𝑅𝑐𝑎 )𝑛𝐹𝑅𝑠 𝜌

{E- 9-3}

Integration of {E- 9-3} yields:
𝛿2 =

2𝛥𝛦𝑀𝑡
(1 − 𝑅𝑐𝑎 )𝑛𝐹𝑅𝑠 𝜌

{E- 9-4}

Substituting{E- 9-4} back into {E- 9-1}:
𝑖𝑛𝑒𝑡 =

(1 − 𝑅𝑐𝑎 )𝜌𝑛𝐹𝛥𝛦 1/2 −1/2
𝛥𝛦
=[
] 𝑡
𝑅𝑠 𝛿
2𝑅𝑠 𝑀

{E- 9-5}

Rearranging yields:
2𝑅𝑠 𝑀𝑡
1⁄
2 =
𝑖𝑛𝑒𝑡 (1 − 𝑅𝑐𝑎 )𝜌𝑛𝐹𝛥𝛦

{E- 9-6}

The value of 1/i2net as a function of time is shown in Figure 9-2. In the initial stage
of polarization, 1/i2 is linearly related to polarization time, in accordance with ohmic
control. After 400 seconds or more, there is a transition to a steeper slope, and then later
there is another transition where the slope decreases. Since conductivity is the reverse of
resistivity, {E- 9-6} can be rearranged to give [120]:
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2
𝑖𝑛𝑒𝑡
𝑡=

(1 − 𝑅𝑐𝑎 )𝜌𝑛𝐹𝜎(𝐸𝑎𝑝𝑝 − 𝐸𝑏𝑜𝑡 )
(1 − 𝑅𝑐𝑎 )𝜌𝑛𝐹ΔΕ
=
2𝑅𝑠 𝑀
2𝑀

{E- 9-7}

where σ (Ω−1 cm−1) is the average conductivity inside of the pore, Eapp is the applied
potential relative to the reference electrode in the bulk solution and Ebot is the potential at
the bottom of the artificial pore. The values of i2net t for the initial stage of dissolution (the
reciprocal of the slope in Figure 9-2) are plotted in Figure 9-3. By fitting lines to the data
in Figure 9-3, and applying {E- 9-7}, it is possible to extract values for the pore
conductivity, σ, and the potential at the bottom of the pore, Ebot. The fitting lines are
assumed to be linear with reasonable R2 values in order to estimate the slopes. However,
it cannot be claimed that the best-fitting lines for this experiment are necessarily linear or
if they are linear, the slopes of the lines will be the same as the ones estimated here. Due
to the complexity of the experimental conditions and sample preparation, collection of
more data was not possible.

Figure 9-2: The change in the value of 1/i2 with time during the potentiostatic polarization at 0 VAg/AgCl in
artificial seawater
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Figure 9-3: The influence of applied potential on the ohmic portion of the current transients

The relationship between the estimated conductivity inside the pore and the
potential at the bottom of the pore is shown in Figure 9-4. It can be seen that the potential
at the bottom of the pore decreased as the conductivity of the solution inside the pore
decreased. The same observation was revealed by Akiyama and Frankel [120]. They
pointed out that this observation is reasonable since the bottom potential will decrease
with increasing ohmic potential drop. Another finding is the change in the potential at the
bottom of the pore and the conductivity of the solution inside the pore. It can be seen that
the potential at the bottom of the pore is decreasing with increasing pore size. Therefore,
the difference between the potential at the bottom of the pore and the surface (ohmic
drop) is higher for the larger pores. Thus, the ohmic dissolution of the metal surface at the
bottom of the pore and, accordingly, the total current is increasing with increasing pore
size. On the other hand, the conductivity of the solution inside the pore is lower for larger
pores. The insulating nature of the hydrogen bubbles [120] my be the reason for the lower
conductivity in the bigger pores. Akiyama [120] reported that the motion of the hydrogen
bubbles in the pit or crevice will cause considerable mixing in the crevice and will
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prevent the increase in ion concentration and resultant increase in conductivity. The
lower conductivity of the solution inside the bigger pores can result in decreasing the
transportation of the ions from inside and outside of the pore, which causes the solution
inside the bigger pores to be more aggressive with respect to the one in the smaller pores.
This could be another reason for the higher corrosion rate of the samples with larger
porosities. It should be noted that the measurements, which lead to the results in Figures
9-3 and 9-4, were conducted only twice (due to the limited number of samples) and to
confirm reproducibility further experiments would be needed.

Figure 9-4: The relationship between the estimated conductivity and bottom potential

Pore geometry and dissolution rates
It was possible to calculate the dissolved pore length using the true anodic current
(using the previously described method and equations in section 4.1.3). In reality, casting
pores can have complex geometries, which are often different from the simple
hemispherical case usually considered in pit investigation studies. In our simplified
system, the time evolution of a typical net current transient can be seen in Figure 9-5.
Noise can be attributed to the hydrogen bubble motion inside the pores.
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Figure 9-5: Current-time transition for 200 micron pencil electrode at 22 °C in artificial seawater solution

As mentioned above, from the net current time variation it was possible to extract
the anodic current corresponding to the dissolution of the B206 pencil electrode and to
plot the change in the pore depth deduced from Faraday’s law as function of time
(Figure 9-6 (a)). From Figure 9-6 (b), it can be seen that the dissolution rate decreases
linearly with increasing pore depth. It can also be seen that the changes in the dissolution
rate along the pore depth are slower for larger pores (e.g. the dissolution rate is almost
constant along the whole pore depth for the 1 mm pore diameter). It can be deduced that
the conductivity of the solution inside the pores decreases by increasing the pore depth,
which may lead to a prevention of the passage of the anodic current through the pore
depth. It should also be mentioned that for the narrower pores (200 and 300 µ diameter)
the dissolution rate does not change significantly after a specific depth. For aluminum
alloys, it has been previously mentioned [118] that the hydrogen bubbles stir the
electrolyte at the corroding pit or crevice, which allows renewal of the solution and
migration of the ions from inside or outside of the dissolving pit or crevice. Thus, from
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the result of this study it might be concluded that at specific depth, the precipitation of the
corrosion product or formation of the salt film cover the pore bottom, which would
influence the anodic dissolution and, therefore, corrosion rate. Therefore, the morphology
of the pore might influence the corrosion process however, it should be noted that the
result of this study cannot definitely prove this and further work is required.

Figure 9-6: "1D-artificial pit" electrode dissolution kinetics. (a) Comparison of the time evolution of the
pore depth and (b) Decrease of the dissolution rate (µm h−1) as function of the pore depth

Summary
The effect of casting porosity on the corrosion of B206 in artificial seawater was
simulated using the 1D-pencil electrode technique. It is concluded that the chemistry of
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the solution inside the pore greatly affects the corrosion behavior. Higher corrosion rates
in the presence of the larger pores is shown to be related to the lower conductivity of the
solution inside the pore compared to the smaller pores. The potential at the bottom of the
pore also depends on the size of the pore. As a result, the potential drop in the larger
pores is greater with respect to smaller ones.
It seems that the metal surface dissolution kinetics are also dependent on the
morphology of the pores. For the narrower pores, the decrease in the dissolution rate
along the pore depth was higher compared to wider pores. It is also observed that the
dissolution rate for narrower pores tends to reach a steady state at a specific depth which
might be the result of precipitation of the corrosion products or formation of the salt film
that covered the pore bottom. However, the results of this chapter cannot definitely prove
this.
This chapter builds on the knowledge of using pencil electrode in studying the
kinetic parameters of aluminum anodic dissolution. The results of this chapter show that
the use of the pencil electrode method can be extended to specific alloys rather than just
pure aluminum.
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10. Conclusion
Key contribution and broad implication
The investigated material throughout this thesis was B206, a high strength

aluminum-copper casting alloy; being of the newer candidate materials to be used in the
clean hydrokinetic energy generating systems as the hub component. At present, data
regarding the corrosion properties and protection systems for B206 are not available.
Therefore, this novel study of the surface/subsurface microstructural-induced corrosion of
B206, contributes to further understanding of the corrosion mechanisms associated with
this new alloy system. Investigation of feasible corrosion protection methods at various
environmental conditions (e.g. seawater temperature and dissolved oxygen) adds further
value toward improving the corrosion resistance and the effectiveness of B206 in
practical applications. This study also provides some of the first long term corrosion data
for B206 in a tidal marine environment. Overall, the contributions and implications to the
field of corrosion science and protection made by the results of this work can be
summarized in the following:
1. Throughout this thesis, the microstructural aspects of pitting and intergranular
corrosion of B206 have been shown. Although cast aluminum alloys have a broad
application in different industries, the roles of microstructure and de-alloying of
the intermetallic particles in the corrosion properties of these alloys are largely
ignored in previous work [7,8]. The dependence of the localized corrosion
initiation, dealloying of the intermetallic particles and propagation of the localized
attack on the subsurface microstructure are of importance. A few recent studies
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have addressed this subject [28,127] and should warrant much more detailed
attention.
 The earliest stages of attack start with pit initiation at the surface of intermetallic
particles resulting in de-alloying. De-alloying of the particle and matrix/particle
interfacial attack produced a sponge-like remnant and cracks at the interface,
respectively. Intergranular attack was not generally present over the alloy surface.
However, propagating away from the initiation sites, corrosion developed
preferentially along the grain boundary network beneath the alloy surface. This
finding shows the significant role of the subsurface microstructure in corrosion
studies, which has been given attention in limited literature just recently. This
conclusion addresses objective 1, which were discussed in chapter 5.


Implications: The consequences of the different microstructures on the corrosion
resistance of the aluminum alloys are broad. As corrosion is influenced by
microstructure and thus processing, this thesis lays the groundwork for better
understanding microstructure-corrosion relationship in such alloys. In future, such
understanding will guide foundry engineers to modify the alloy microstructure,
especially, with respect to the alloying additions to produce high quality castings
from B206 in terms of reducing its susceptibility to corrosion. The subsurface
examination at the localized attack sites can help to design a heat treatment to
modify the grain structure and distribution of the second phase particles
throughout the grains and hence, to reduce the corrosion susceptibility of the alloy.
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2. Previous considerations of the corrosion properties of the B206 in the regarding
the effect of microstructural evolution during this heat treatment process are
incomplete and lacking.


The electrochemical results in chapter 6 show that although the corrosion
resistance of the RRA heat treated alloy is much higher than that of as-cast
microstructure for the short exposure period in seawater (48 hours according to
EIS measurements), the RRA alloy corrodes more rapidly for longer immersion
times. This thesis is the first to examine the microstructure evolution of B206
during RRA heat treatment.
Implication: The RRA heat treatment may improve the mechanical performance
of B206, however, the findings of this study imply that RRA should not be
considered an appropriate solution to the corrosion protection of B206 in
seawater. In fact, the findings of this study can contribute to adjust the RRA heat
treatment parameters, in particular the time and temperature of the retrogression
step, in such a way to improve both corrosion and mechanical properties of this
alloy simultaneously.

3. The experimental results in chapters 7 and 8 indicate some corrosion protection
methods for B206 alloy at different marine service environments to meet the
objectives 3 and 4 in chapter 3.


The influence of anodizing the surface of B206 in deaerated seawater indicates
the development of a more protective passive layer in colder seawater. The
protectiveness of the outer Al(OH)3 layer formed through anodizing B206 in
deaerated seawater decreases with increased temperature due to the higher rate of
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Cl− induced Al(OH)3 dissolution. This thesis is the first to identify the passive
layer behavior of the B206 alloy. However, in naturally aerated seawater, the
electrochemical behavior of B206 shows that localized corrosion occurs on the
alloy at open circuit potential. Therefore, once placed in a DO-containing marine
service environment, B206 will be susceptible to localized corrosion and will
need further protection such as the combination of coating and cathodic protection
(CP). Although standards are available for cathodic protection systems for various
alloys, the choice of CP potential is controversial in the literature in that the CP
potential should be adjusted according to the environment/material relationship
(e.g. temperature of the solution and type of coating). Throughout this thesis EIS,
as an in-situ monitoring technique, has been used rather than the visual inspection
methods. The findings in chapter 8 show the effectiveness and the compatibility
of CP with the chosen coating. The combination of CP/coating at −0.7 VAg/AgCl
can be used as the most effective corrosion protection method for the hub
component.


Implication: The findings presented in this study support the feasibility of
implementing anodizing and possibly anodic protection systems for B206 in
specific service environments. Knowledge of the absence of notable passivation
for B206 in DO-containing environments may support the choice of deeper
placement locations for such turbines during their design, especially if an
uncoated or anodized B206 material is to be used in the construction. A
combination of CP and the chosen protective coating can be successfully applied
on B206 alloy in practical applications. Therefore, in order to protect the surface
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in real service conditions even relatively thin coatings (100 µm) can be applied on
the surface of the hub component and further protected by impressed current CP.
Furthermore, the findings throughout chapters 7 and 8 can be useful to develop
the experiment-based corrosion model to evaluate the integrity of the hub
component in varying marine environments and optimize the protection
parameters (e.g. protection current and potential) with the choice of placement
location (e.g. temperature of the seawater and depth).
4. The results in chapter 9 are the first to use the pencil electrode method to
investigate the effect of the chemistry of the solution inside the pore on the
corrosion of an aluminum-copper casting alloy.


The results show that the shape and size of the pores play an important role in the
corrosion process of the alloy. For bigger pores, the conductivity of the solution
inside the pore is lower and the difference between the potential at the surface and
the bottom of the pore is higher. Therefore, the higher corrosion rate of the
surfaces with bigger pores is not only due to an increase in the real exposed
surface area, but also due to the chemistry of the solution inside the bigger pores.
This finding has been largely overlooked in most studies regarding the effect of
casting porosity prior to this work.
Implication: The attribution of the corrosion behavior to the changes in local
chemistry inside the pores is a new field of research, which can represent a
fundamental contribution to corrosion science. This can be accomplished by
linking the experimental data to a Through Process Model (TPM) to predict the
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in-service life of the hub component and hence can be very valuable to prevent
the unexpected failure of the materials.
In summary, as corrosion is heavily influenced by microstructure and thus
processing, prior to commencing any electrochemical experiments, the microstructureinduced localized corrosion was fully characterized. Susceptibility to pitting and
intergranular corrosion was investigated using well-established techniques. Then, firstly,
the RRA heat treatment was examined to assess whether this thermal process has any
substantial effect on the corrosion properties of B206. Moving forward, to mitigate inservice hub component corrosion, the effectiveness of anodizing and CP/coating systems
were examined. Finally, the pencil electrode method was used to simulate the effect of
casting porosity on the corrosion behavior.
Ultimately, the findings in this thesis can be used to generate a matrix of
corrosion outcomes based on service environment and microstructure. This matrix will
form a key component of the TPM for B206 which will be enable the concurrent casting
process and component design for this high strength alloy. This optimization will result in
both reduced costs for clean energy power generation and in expanding Canada’s
capacity to shape cast high- strength aluminum alloys for a wide range of industrial
applications.
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Suggestions for future work
Corrosion and protection of B206 is a complex process, which requires further
investigation and research to understand and control. The following points are suggested
as direction and areas for future research and development:


A comprehensive study on the composition and stoichiometry of the second
phase particles in the B206 matrix should be conducted using quantitative
EDX or chemical extraction techniques followed by X-ray diffraction (XRD).
In this way, the electrochemical behavior of the second phase particles
(whether they are anodic or cathodic with respect to the matrix) can also be
determined prior to immersion in the corrosive media.



In chapter 5, Figure 5-15, a crack was found to form in the bulk material after
immersion in artificial seawater solution. FIB/SEM could be performed on the
as-received B206 (before any exposure to solution) to provide evidence of
whether this microcrack was in the initial state of the material or had been
created as a result of the corrosion process.



In order to determine the changes in the microstructure as a result of heat
treatment, comprehensive microstructural studies using SEM or TEM should
be performed at different steps in the RRA heat treatment.



In chapter 6 Figure 6-14, the dissolution of the particles at the grain
boundaries was shown for the RRA samples. FIB/SEM cross-sectional
examination should be performed to show how the localized corrosion
propagated through the grain boundaries for RRA B206.
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It was shown that the B206 alloy in RRA state is at least as corrosion resistant
(not more) as the as-cast for long term immersion periods. However, it is
beneficial to apply heat treatment on the B206 in terms of having better
mechanical properties. Changing the parameters of the RRA heat treatment
such as time and temperature of the retrogression and re-aging steps would
influence the microstructure of the alloy and might affect the corrosion
behavior of the heat-treated alloy in a better way. Working on the
aforementioned parameters in conjunction with the microstructural studies
would be beneficial in terms of improving the mechanical and corrosion
properties of the B206, simultaneously.



Indirect evidence of the hydrogen-assisted intergranular corrosion in RRA
B206 was shown in this thesis. Hydrogen can be generated, for example, at
the bottom of the pits and spread to the adjacent unaffected material,
establishing a hydrogen diffusion zone. Future investigation of the hydrogen
generation and subsequent HE is required to definitively prove this
mechanism.



The thickness of the passive layer formed on B206 surface at different
temperatures was calculated using electrochemical measurements which was
in a good agreement with previous studies on aluminum-copper alloys.
However, methods such as X-ray photoelectron spectroscopy (XPS) or Auger
electron spectroscopy (AES) could be used to confirm these calculations.



The compatibility of an epoxy coating with CP in a potential range was
investigated in this dissertation. Methods such as Atomic Force Microscopy
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(AFM) can be used to determine the adhesion, physical properties or the
quality of the coating.


In order to study behavior of the coating at different levels of CP, localized
electrochemical techniques such as Scanning Electrochemical Microscopy
(SECM) and Localized Electrochemical Impedance Spectroscopy (LEIS) can
be used to monitor the disbondment of the coating in-situ, at a greater level.



In Chapter 8, the composition of the deposits formed in the holiday were not
characterized. This characterization could be performed using XPS or AES.



The results of the effect of the local chemistry inside the pore in this thesis
revealed useful information. This can be accomplished by linking the
experimental data to a Through Process Model (TPM) to predict the in-service
life of the hub component.



In Chapter 9, electrochemical experiments were conducted on a few pencil
electrode samples and only a few data points were collected. As a result, it
was not possible to determine the conductivity of the solution inside- and
potential at the bottom of- the different sized pores.
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12 Appendices
Appendix A: supplementary figures for chapter 4

Figure A-1: Monte Carlo electron trajectory simulations of the interaction volume in B206
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Appendix B: supplementary figures for chapter 5

Figure B-1: EDX spectrum for spot 1 in Figure 5-2 and Table 5-1

Figure B-2: EDX spectrum for spot 2 in Figure 5-2 and Table 5-1
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Figure B-3: EDX spectrum for spot 3 in Figure 5-2 and Table 5-1

Figure B-4: EDX spectrum for spot 4 in Figure 5-2 and Table 5-1
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Figure B-5: EDX spectrum for spot C-spot1/0h in Table 5-2

Figure B-6: EDX spectrum for spot C-spot1/24h in Table 5-2
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Figure B-7: EDX spectrum for spot A-spot1/0h in Table 5-2

Figure B-8: EDX spectrum for spot A-spot1/24h in Table 5-2
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Appendix C: supplementary figure for chapter 8

Figure C-1: Bode plots of bare and coated B206 after immersion for 6 days in artificial seawater at 10 °C
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Appendix D: supplementary table for chapter 9
Table D-1: Volume of the hydrogen gas evolved during the potentiostatic polarization experiments of 1mm
B206 pencil electrode at different potentials in artificial seawater at 22 °C
Applied Potential
(V vs. Ag/AgCl)

Volume of the hydrogen gas evolved
(cm3)

0

0.1

0.1
0.52

0.2

0.2
0.22

0.2

0.3
0.12

0.2

0.5

2.10.4
x 104

1

0.8
1.02 x 10-3
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