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Executive Summary
Connection between dissimilar materials are frequently encountered in complex structures
involved in aviation and aerospace industry. In a typical aircraft structure, aluminum-alloy-based
airframe component and noble fasteners such as stainless steel is one of the most common couples
encountered. When the aircraft is exposed in an aggressive moisture environment such as rainfall,
fog, splash, or salt-enabled deliquescence, a thin layer of electrolyte or droplet can be established
on the dissimilar materials assembly surface. If the assembly has a fastener-hole geometric
configuration, it can assist trapping or wicking of surface electrolyte into the tight crevice between
the fastener and the airframe component once breakdown happens on the protective coating above
the assembly, resulting in a localized galvanic corrosion environment in which Al-alloy based
component is the corroding anode, whereas the stainless steel fastener is the cathode. This
phenomenon can further lead to pit-to-fatigue crack initiation on the Al-alloy based component
which deteriorates its structural integrity and shortens the lifespan. The main goal of this
dissertation is to investigate the galvanic-coupling induced localized corrosion distribution along
AA7050-T7451 with a fastener-hole configuration between AA7050-T7451 and SS316L in a
simulated environment representative of atmospheric corrosion. This goal is fulfilled by the
following tasks: (1) develop a robust finite-element-method (FEM) based modeling approach
based on Laplace’s Equation to accurately predict corrosion distributions and bound the
application of this modeling framework within its limitation by providing reasonable assumptions;
(2) utilize FEM modeling approach, electrochemical techniques, and pertinent instrumental
characterization tools to systematically investigate the effect of electrolyte layer thickness, solution
chemistry, materials surface properties, and galvanic coupling geometry on the electrochemical
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and corrosion distributions in the galvanic coupling between AA7050 and SS316L, and capture
the underlying mechanism for the dependence of corrosion distributions on each external variable.
To validate the robustness of our modeling approach, a Laplace-Equation based modeling
coupled with mathematically fitted electrochemical kinetics from experiment as boundary
conditions was applied to simulate galvanic corrosion between Zn plate and SS 316 rods under
thin layer electrolyte condition. The modeling results were also compared with experimental
results from a four-day modified B117 test. It shows that: electrolyte layer thickness
(WL)=3,500~4, 000 𝜇m would be the appropriate WL range formed on the sample surface during
modified B117 salt fog testing; the robustness of Laplace-Equation based modeling is highly
dependent on the boundary conditions, experimentally determined electrochemical kinetics as
boundary conditions can truly reflect the electrochemical response of anode/cathode to the
surrounding solution environment, which in turn yields the simulated results mostly close to
experimental measurement.
In the study of the effect of electrolyte layer thickness, the total cathode current capacity
of a surface on the electrolyte film thickness and cathode size in a galvanic couple to support the
corrosion of AA7050 were accessed. The total cathode current capacity spans the range of WL
thickness from full immersion conditions (where the total cathode current scales with cathode size)
to the thin film regime in which the WL is the diffusion boundary layer thickness. In order to fully
assess the transition from thin film to thick film condition, an understanding of the natural
convection layer thickness is required. For the conditions studied here, the natural convection
boundary layer was found to be close to 800 m. The WL thickness, cathode length and
electrochemical kinetics interact to create four regimes of total cathode current as a function of WL
thickness.
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In the study of the solution chemistry effect, the effect of solution pH, conductivity,
pertinent cation species (Al3+, Zn2+ and Mg2+) on the electrochemical and galvanic corrosion
distributions between SS316L and AA7050 was well studied. For the aspect of solution pH and
conductivity, a FEM based modeling approach with experimentally determined electrochemical
kinetics as boundary conditions was used to simulate potential and current density distributions in
the galvanic coupling with a simulated fastener-hole configuration based on different pH and
conductivity assumptions in the solution. Acidic crevice solution at the mouth leads to more severe
corrosion at the occluded site of the crevice than mild alkaline crevice solution. The linear
conductivity assumption is good enough to represent the effect of varying conductivity on
electrochemical distributions and reflect corrosion behavior along the anode. As for the aspect of
pertinent metallic cation, Zn2+ and Mg2+ show inhibitive effect due to formation of precipitate on
Cu-containing intermetallic compound (IMC) embedded in the AA7050 surface thus impeding
oxygen reduction reaction (ORR) activity; whereas Al3+ shows promotive effect on hydrogen
evolution reaction (HER) cathodic kinetics due to enhanced proton diffusivity, this effect is not
only observed on Al alloys, but also on Pt and stainless steel. The cation study for the galvanic
couple indicates that Al3+ is galvanic corrosion accelerator, and Mg2+ is the corrosion inhibitor.
The effect of oxide film properties (thickness, composition, and resistivity) on the cathodic
kinetics of stainless steel were investigated. It can be concluded that: (1) when the passive oxide
film is thin (~2nm), the effect of electrolyte layer thickness overwhelms that of oxide film
thickness in terms of ORR cathodic kinetics as long as electrolyte layer thickness is larger than 36
𝜇m; below this critical electrolyte layer thickness, the effect of oxide film becomes comparable to
that of electrolyte layer thickness and has lower cathodic limiting current density compared to the
scenario in which only electrolyte layer thickness matters; (2) the effect of oxide film properties
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at various pre-oxidation potentials on the cathodic kinetics during ORR potential range of SS304L
and SS316Lwas investigated: for both steels, as oxidation potential increases, the mount of Cr3+
in oxide film initially increases from corrosion potential to 0~0.4 V SCE, and then decreases over
increasing potential and is oxidized to Cr6+ once the potential is higher than 0.63VSCE; the amount
of Fe3+ in general increases with ascending potential; at transpassive potential, although film has
the largest thickness but its resistivity is lowest. A higher Fe 3+ content in the oxide film during
oxidation stage will result in a larger cathodic current density due to larger Fe 3+-to-Fe2+ reduction
current density during the scan in the negative potential direction, and provide more Fe 2+ sites for
larger ORR cathodic kinetics during the scan in the reverse direction, since active Fe2+ site is
believed to facilitate ORR.
At last, in the study of geometric parameter effect, the area ratio of cathode to anode, and
crevice geometry were investigated. In the study of area ratio, a galvanic crevice former between
AA7050 and SS316L was utilized to evaluate the dependence of pH and dissolution current density
of AA7050 on the cathode-to-anode ratio. It shows that higher area ratio (>1:1) geometry leads to
more severe corrosion focused at the crevice mouth, resulting in larger potential and pH variation
from crevice center to mouth as well as higher anodic current density. In the study of the scaling
law for a galvanic-coupling induced crevice, the effect of electrolyte layer over the external SS
cathode surface, crevice solution chemistry and wall condition of internal SS cathode were
considered in the study. It is found that Lcrit2/G is more applicable to galvanic-coupling induced
crevice than Lcrit/G, but Lcrit2/G varies with WL and internal SS wall condition.
This dissertation developed a fundamental understanding of the effect of several pertinent
variables on the galvanic-coupling induced localized corrosion of Al alloy, provided an
approachable modeling means to predict corrosion distribution at given conditions in a timely
iv

fashion as well as develop corresponding corrosion mitigation strategies for NAVAIR, and
complemented continuum/meso-scale atmospheric corrosion modeling studies in this field.
Electrochemistry and characterization studies in this dissertation also provided meaningful
supplementary information for better understanding of corrosion protection mechanism of metalrich primers, as well as utilization of passive/transpassive characteristics of noble stainless steel to
control cathode current availability of sustaining localized corrosion of Al alloy.
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1. Introduction
1.1 An Overview of Dissertation Problem
Connections between dissimilar materials are frequently encountered in complex structures
involved in aviation and aerospace industry. In a typical aircraft structure, aluminum-alloy-based
airframe component and noble fasteners such as stainless steel is one of the most common couples
encountered. When the aircraft is exposed in an aggressive moisture environment such as rainfall,
fog, splash, salt-enabled deliquescence, a thin layer of electrolyte or droplet can be established on
the dissimilar materials assembly surface. If the assembly has a fastener-hole geometric
configuration, it can assist trapping or wicking of surface electrolyte into the tight crevice between
the fastener and the airframe component once breakdown happens on the protective coating above
the assembly, resulting in a localized galvanic corrosion environment in which Al-alloy based
component is the corroding anode, whereas the stainless steel fastener is the cathode (Figure 1.1),
this phenomenon can further lead to pit-to-fatigue crack initiation on the Al-alloy based component
which deteriorate its structural integrity and shorten the lifespan.
It should be noted that there are three key elements identified in this problem: dissimilar
materials, external environment, and geometry. There have been numerous previous research
studies focusing on interaction between galvanic couple and external environment or geometry,
however research effort towards interaction among all three elements is rare in literature,
especially one with complicated geometry makes the in-situ experimental measurement more
difficult to be achieved. Modeling approach provides an alternative to interrogate the underlying
corrosion mechanism of galvanic-coupling induced Al alloy as a function of environmental
variables involved in a complicated geometry. By utilizing modeling approach, one can target the
essential environmental and geometric variable (s) that controls the corrosion rate of Al alloy and
1

predict its in-service lifetime in a timely fashion. Nevertheless, most of galvanic corrosion
modeling work especially in continuum or meso-scale falls short of careful consideration of
environmental variables, let alone one with complicated geometry.

Figure 1.1: A schematic representation of galvanic couple between AA7050-T7451 airframe
component and SS316L fastener with fastener-hole configuration.
1.2 Background
1.2.1 Atmospheric Corrosion vs. Submerged Corrosion
The type and rate of corrosion depend on the environment that is in contact with the
material of interest. One way of categorizing corrosion is by the nature of the environmental
exposure. All exposures can be classified into two types: atmospheric corrosion and submerged
corrosion (corrosion under full immersion1). Atmospheric corrosion refers to the corrosive action
that occurs on the surface of a metal in an atmospheric environment (rain, fog, dew, etc.)2.
Specifically, when a metallic material is exposed in a marine environment, a thin layer of
electrolyte will form on the top surface of the material due to the splash, rain water, and salt enabled
deliquescence. This situation creates the ionic conditions needed for the occurrence of corrosion.
There are several differences in corrosion behavior between atmospheric corrosion and submerged
corrosion (a schematic comparison is illustrated in Figure 1.2): (1) atmospheric corrosion in
2

general is not a continuous process because of the existence of wet-dry cycles due to diurnal
changes in temperature and relative humidity, but submerged corrosion can proceed continuously
for a long period due to the constant presence of bulk solution; (2) there is an accumulation of
dissolved species in atmospheric conditions due to the limited volume of electrolyte available,
leading to dramatic change in the solution chemistry in contact with the surface. However, for
submerged corrosion, the concentration of dissolved species does not significantly change in light
of the large bulk solution volume, and chemistry at the metal surface will be generally stable; (3)
during the wet stage of atmospheric corrosion, the electrolyte layer thickness does not stay at a
constant value, and its changes in thickness can impact the mass-transfer limited electrochemical
kinetics of the corroding metal. But for submerged corrosion, mass-transfer limited kinetics will
be stabilized once the corrosion process reaches steady state; It is important to think about the
choice of applying either atmospheric corrosion kinetics or submerged corrosion kinetics when it
comes to corrosion modeling studies.

Figure 1.2: A schematic comparison between atmospheric corrosion and submerged corrosion
with fastner-hole configuration: a) atmospheric corrosion and b) submerged corrosion.

3

1.2.2 Al-Zn 7xxx Alloys
With the advantage of high strength-to-weight ratios, low density and excellent
fabricability, aluminum (Al) alloys are widely applied in aerospace and military applications. 7xxx
Al alloys are very strong heat treatable alloys which can be strengthened by precipitation hardening
based on the combination of zinc (mostly between 4~6 wt%), magnesium (range 1~3 wt% ),and
copper (range 0.1~2.4 wt%)3. 7xxx Al alloys have highly heterogeneous microstructures which
feature4,5: (1) Al-matrix grains, (2) porosity, (3) inclusion (oxides of aluminum and magnesium),
(4) constituent particles (generally insoluble particles formed by eutectic reaction during
solidification with sizes ranging from 0.5𝜇𝑚 to 500𝜇𝑚), (5) dispersoids (fine precipitates with
limited solubility in Al-matrix formed during either solidification or ingot preheating, with sizes
ranging from 50 nm to 400 nm, comprised of Cr, Zr and Mn), (6) aging hardening precipitates
(fine precipitates formed at low temperature with sizes ranging from 10 nm to 200 nm, generally
as a consequence of high solute supersaturation resulting from a solution heat treatment and
quench), and (7) grain boundary regions, including grain boundary (G.B.) precipitates and
precipitate free zones (regions adjacent to the grain boundaries resulting from a depletion of both
vacancies and solute in this region). Usually, constituent particles, dispersoids and age hardening
precipitates can be categorized as intermetallic particles/compounds (IMP/IMCs). This
microstructural heterogeneity is the fundamental source of the localization of corrosion damage
that is typical of 7xxx Al Alloy.
Common localized corrosion forms that happen in 7xxx Al Alloys are1: pitting corrosion,
crevice corrosion, intergranular corrosion (IGC), exfoliation corrosion, and environmentally
assisted cracking (e.g., stress-corrosion cracking (SCC)). In this work, pitting corrosion and
crevice corrosion will be the localized corrosion forms of interest along the surface of AA70504

T7451 galvanically coupled with SS316L. Constituent particles are the dominant microstructural
features that cause pitting corrosion. Large and irregularly shaped constituent particles tend to
break up and align into bands along the rolling direction within the Al-matrix. They can be either
cathodic (e.g., Al7Cu2 Fe, (Al,Cu)6(Fe,Cu), Al3 Fe)6–8, or anodic (e.g. Mg2Si, Al2CuMg)8,9, with
respect to Al-matrix, where these micro-galvanic corrosion couplings can be formed which
initiates pitting corrosion of Al alloy. Crevice corrosion1 generally occurs if an electrolyte is
present in a region between two faying surfaces. Since the amount of dissolved oxygen is plentiful
outside the crevice mouth (cathodic area) whilst the oxygen content is limited in the crevice
(anodic area) due to sluggish diffusion into tight crevice, a differential aeration cell is formed as a
result. Once the crevice attack has initiated, cathodic areas becomes alkaline and the anodic areas
turn acidic. Details of the mechanism of crevice corrosion introduced by the galvanic couple will
be discussed in Section 1.2.3.
1.2.3 Localized Corrosion Damage Induced by Galvanic Coupling
There are two prevailing theories used to better understand the underlying mechanisms of
crevice corrosion: the critical crevice solution (CCS) theory and critical potential drop (IR) theory.
Oldfield and Sutton10,11 developed the first mathematical modeling to express the crevice corrosion
for stainless steel in seawater. In the CCS theory (Figure 1.3a), mass transport of species is limited
by the occluded geometry of a crevice, which leads to a difference in solution chemistry between
the bulk solution near the crevice mouth and the crevice solution in the occluded region. The
crevice solution generally develops a low pH, and high [Cl-] due to hydrolysis of dissolved metal
species as well as migration of [Cl-] into the crevice to maintain charge neutrality. When the
crevice solution chemistry passes a critical composition, the passive film breaks down and results
in onset of the localized corrosion. Pickering et al.12–15 proposed the IR mechanism in which a
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large potential drop occurs within the crevice solution is caused by the restricted geometry which
is a barrier to electrical flux (Figure 1.3b). At the location where the potential drops below the
critical value Ecrit in the crevice, the corrosion rate is accelerated due to the presence of an
active/passive transition. In reality, it is likely that both theories are relevant.

Figure 1.3: a) Schematic representation of development of critical crevice solution in a corroding
crevice geometry; b) IR drop theory based on a crevice geometry, after Shu et al.16.
When a metal is in electrical contact with a more noble metal or nonmetallic conductor in
a conductive environment, the corrosion rate of the less noble metal can be accelerated due to the
formation of the galvanic cell. This phenomenon is called galvanic corrosion2. This corrosion
damage can be further aggravated if there is a crevice formed between the two materials. In this
dissertation work, the assumed breakdown of a corrosion protective coating will facilitate the
trapping/wicking of the electrolyte on the materials surface into the tight crevice in the galvanic
coupling between AA7050 based airframe component and SS316 fastener with a fastener-hole
configuration (Figure 1.1)17. The difference in the content of dissolved oxygen between the
solution at the crevice mouth and the most occluded region of the crevice leads to the formation
of crevice corrosion on AA7050, exacerbated by the effect of anodic polarization of AA7050 by
SS 316L fastener. A potential distribution that develops along the AA7050 surface, together with
6

the solution chemistry variation from crevice mouth to the most occluded region, will result in the
localized corrosion (pitting corrosion) at locations where the critical conditions occur. The
localized corrosion happening in the crevice introduced by the galvanic couple is the major
corrosion form that the dissertation work investigated.
1.2.4 Variables Affecting Localized Corrosion in Atmospheric Conditions
Atmospheric corrosion is an interdisciplinary subject that combines atmospheric chemistry
and surface science. It is a complex corrosion process involving several factors including
environmental, geometric and materials aspects.
1.2.4.1 Environmental Factors
Time of Wetness. Atmospheric corrosion happens in the presence of a thin film electrolyte.
The source of the electrolyte comes from rain, fog, dew, melting snow or high humidity18.
However, the electrolyte is not always present on the materials surface, making atmospheric
corrosion a discontinuous process. The concept of “time of wetness” was introduced to describe
the effective time period when atmospheric corrosion takes place. Time of wetness refers to the
length of time during which the material surface is covered by a film of water that renders
significant atmospheric corrosion possible18. It is often defined as a function of other
environmental factors, such as relative humidity (RH) and temperature19. In some models, the total
corrosion effect as a result of taking into account time of wetness can be expressed as 18
n

K =  tn vk (n)

(1.1)

i =1

where K is the total corrosion effect, tn is time of wetness, and vk is the average corrosion rate
during the individual periods of wetness.
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Electrolyte Layer Thickness (WL). Atmospheric corrosion proceeds in the presence of
thin film electrolyte. Variation in the thicknesses of electrolyte layer can affect some pertinent
processes, e.g., dissolved oxygen transport, solubility of some corrosion product. Tomashov20
proposed a theory to describe the effect of electrolyte layer thickness on the corrosion rate of metals,
in which he divided moisture layer thickness into four different regions as shown in Figure 1.4: I)
Region of dry atmospheric corrosion, WL <10 nm ; II) region of humid atmospheric corrosion,
10nm < WL < 1 𝜇m; III) region of wet atmospheric corrosion, 1𝜇m < WL < 1 mm; IV) region of
complete immersion, WL > 1mm. Region I leads to a minimum corrosion rate since the adsorbed
water molecules cannot form a continuous water layer, according to Tomashov. In Region II, the
corrosion rate is limited by anodic kinetics, and the reduction in WL results in the decrease in
corrosion rate due to lack of water molecules needed for dissolving metal ions, In Region III, a
smaller WL lead to higher corrosion rates since oxygen transport through the layer can occur more
rapidly. Region IV proceeds equivalently to the corrosion under full immersion condition.
Tomashov’s theory provides a conceptual description of the dependence of atmospheric corrosion
on electrolyte thickness, but the critical thickness of each region is not well characterized. More
accurate and quantitative characterization of this dependence has been the focus of many
researchers, as will be explicitly discussed in Chapter 3.
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Figure 1.4: Corrosion Rate as a function of thickness of moisture layer. I) Region of dry
atmospheric corrosion; II) region of humid atmospheric corrosion; III) region of wet atmospheric
corrosion; IV) region of complete immersion. After Tomashov. 20
Thin Film Solution Chemistry. Another important factor influencing atmospheric
corrosion rate is the thin film solution chemistry. There are mainly two sources contributing to the
composition of thin film solution21,22: dissolved metal ions from the corrosion product, and anions
(Cl-, SO32-, SO42-, CO32-, etc.) from the environment (rain, fog, dew, splash, gas phase, etc.).
Furthermore, decreases in pH from hydrolysis of metal ions at anodic sites, as well as the increase
in pH from oxygen reduction reaction at cathodic sites can be dramatic due to very limited volume
of thin film solution. This aggressive solution environment can be very detrimental to the surface
structure of the metallic materials, making them be prone to localized corrosion. Details in the
effect of thin film solution chemistry will be discussed in Chapter 4.
1.2.4.2 Materials
Some internal variables pertinent to the surface properties of the materials can also significantly
impact the degree of localized corrosion damage, e.g., polarization behaviors of anode/cathode,
presence/absence of the corrosion protective coating, breakdown of oxide film above bare metal
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surface, and spatial distributions of intermetallic particles (discussed in Section 1.2.2). Note that
the polarization behaviors of the anode and cathode in atmospheric conditions will be different
from those for the submerged condition if the electrochemical kinetics are mass transfer limited.
For the corrosion protective coating, besides a number of studies regarding metallic coating in
atmospheric conditions23–25, localized corrosion introduced by defects in organic coating is another
focus in atmospheric corrosion study26,27. As for the oxide film, concentrated aggressive species
in the thin film electrolyte can breakdown the film and bring in pitting corrosion28,29. A detailed
study focused on the surface properties of stainless steel fastener will be elaborated in Chapter 5.
1.2.4.3 Geometry
The geometry of anode and cathode in a corrosion system can be significant in determining
the degree of localized corrosion damage. The area ratio of cathode to anode and/or the size of the
external cathode are the geometric factors that many corrosion researchers have investigated
extensively. From the perspective of cathode-to-anode ratio, it has been shown that larger cathodeto-anode ratio results in larger corrosion damage on the anodic materials 30–33. Furthermore, if a
crevice was introduced into assembly of anode and cathode, the fully exposed area along the
external cathode would experience a different corrosion environment from the most occluded
region of the crevice between the internal cathode and anode, and this discrepancy in corrosion
environment due to the geometry arrangement has been investigated by several researchers10,11,34,35.
By considering atmospheric conditions, more focused corrosion at the anode/cathode interface
could be actually escalated due to enhanced mass-transferred kinetics of the cathode on the premise
of large cathode-to-anode area ratio. A careful study regarding the effect of geometry will be
presented in Chapter 6.
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1.2.5 Application of Finite Element Method in Localized Corrosion Modeling Study
As mentioned earlier, computational modeling can also play an important role in improving
the understanding of localized corrosion process, in particular when it is coupled with experimental
research that accurately quantifies the important characteristics that control corrosion rate and
resultant morphology. There are many modeling methods that can be applied, with the choice of
method driven by the goal of the modeling exercise.
Empirical models36 can be used to predict performance within the parameter space for
which they are created. Such models can provide insight into what kinds of processes might be
dominating the corrosion process, but further dissection of controlling factors is more difficult.
Numerical modeling, in which the concentration, potential and current distributions are calculated,
plays an important role in helping understand controlling factors. There are several numerical
methods in continuum- or meso-scale that have been implemented by corrosion scientists and
engineers: the finite difference method (FDM)37–40, the boundary element method (BEM)41–45, the
finite volume method (FVM)46–48, Peridynamics (PD)49–51 and the finite element method (FEM).
Among those, FEM has been the most widely used to investigate transport phenomena in the
corrosion systems due to its advantages of dealing with arbitrary shapes, and accessible solution
evaluation at any point within the domain without losing much accuracy.
FEM is a numerical technique used to obtain approximate solutions to the differential
equations based on different types of discretizations in which the domain of interest is divided into
different types of elements. These discretization methods approximate the differential equations
with numerical model equations and provide a numerical solution to the equations. These
differential equations can describe a wide variety of physical phenomena, ranging from electrical
and mechanical systems to chemical and fluid flow problems. Generally, FEM establishes credible
11

stability criteria and provides more flexibility (e.g., in handling inhomogeneity and complex
geometries) compared to other numerical modeling method such as finite difference methods
(FDM).
1.2.5.1 Prevailing Governing Equations in FEM-Based Corrosion Modeling
In FEM-based computational study for transport phenomena in the corrosion system, there
are two prevailing modeling approaches: Nernst-Planck-Equation (N-P) based approach and
Laplace-Equation based approach.
The Nernst-Planck Equation is the most complete means to describe the materials balance
of each charged species (j) in a system. It is formulated as a summation of diffusion, migration
and convection and homogeneous reaction terms52:
𝜕𝐶𝑗
𝑧𝑗 𝐹
= −∇ ∙ 𝑁𝑗 + 𝑅𝑗 = −∇ ∙ (𝐷𝑗 ∇𝐶𝑗 ) +
∇ ∙ (𝐷𝑗 𝐶𝑗 ∇Φ𝑙 ) − ∇ ∙ (𝐶𝑗 v) + 𝑅𝑗
𝜕𝑡
𝑅𝑇

(1.2)

where Nj is the mass flux (mole/(m2∙s)), Cj is the concentration (mole/m3), zj is the number of
charges, Dj is the diffusivity (m2/s), Φl is the electrolytic potential (V), F is the Faraday’s constant
(96,485 C/mole), v is the fluid velocity (m/s) and Rj is the homogeneous production of species j
(mole/(m3∙s)). If the number of charged species is n, a system of n equations in form of Equation
1.2 can be obtained. It should be noted that there are (n+1) variables in this system of equations:
Φ𝑙 and 𝐶𝑗 (j from 1 to n). Thus, in order to find the solution of this system, an (n+1)th equation is
needed, which in electrochemical systems is most often found by the application of the
electroneutrality assumption in the electrolyte domain:
∑ 𝑧𝑗 𝐶𝑗 = 0

(1.3)

As a result, the electrolyte potential as well as concentration of each charged species are obtained.
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As for the current density distribution, in the electrolyte domain, the total current density
𝑖𝑙 can be expressed as
𝐹2
𝑖𝑙 = −𝐹 ∑ 𝑧𝑗 𝐷𝑗 ∇𝐶𝑗 − −
∇Φ𝑙 ∑ 𝑧𝑗2 𝐷𝑗 𝐶𝑗 + 𝐹𝑣 ∑ 𝑧𝑗 𝐶𝑗
𝑅𝑇

(1.4)

The last term (convection) in Equation 1.4 is cancelled out due to the electroneutrality assumption.
By combining conservation of charge
∇ ∙ 𝑖𝑙 = 0

(1.5)

The electrolyte current density 𝑖𝑙 can be obtained eventually.
The solution to the Nernst-Planck Equation results in full transient descriptions of the
distributions of chemical composition, potential, and current density. The costs of obtaining this
complete data set are computational complexity and time. The wide range of time scales that must
be considered in modeling localized corrosion include very fast processes (ion reaction and
response to potential gradients) and slow processes (diffusion of species under a concentration
gradient). This range of timescales, combined with the mathematical difficulties in dealing with
highly nonlinear boundary conditions (i.e., electrochemical kinetics) make the calculations very
difficult, requiring very small-time steps and highly refined spatial meshing. In practice, to use the
Nernst-Planck equation in combination with the electroneutrality condition, at each time step for
each spatial element, a “make-up” ion is selected to enforce electroneutrality. There is concern that
this lacks a defendable physical basis, particularly when it is not obvious which ion should be
selected. In some cases, negative concentrations can be predicted53,54. An example is shown in
Figure 1.5 in which different choices of “reference ion” can lead to a discrepancy in potential
distributions across the electrolyte between two parallel planar Al electrodes in two-dimensional
configuration.
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Figure 1.5: An example to show discrepancies in potential distributions by selecting different
reference ions.
An alternative approach is to use Laplace’s Equation as the governing equation. In this
approach, it is assumed that the solution is well mixed and there is no bulk motion of the fluid such
that the first and last terms in Equation 1.4 are cancelled out, as a result, Equation 1.4 is reduced
to Equation 1.6:
𝑖𝑙 = −𝜅∇Φ𝑙

(1.6)

where conductivity 𝜅 = 𝐹 2 ∑ 𝑧𝑗2 𝐷𝑗 𝐶𝑗 . By applying charge conservation (Equation 1.5), one can
obtain the Laplace Equation
∇2 Φ𝑙 = 0

(1.7)

Rather than solving for the full transient, the use of the Laplace’s Equation approach relies instead
on a knowledge or estimation of the electrolyte characteristics (primarily conductivity) and its
dependence on position and other experimental variables, which is the governing equation used in
the dissertation work. However, one of the biggest disadvantages regarding this approach is that it
loses numerical accuracy in the system if diffusive and convective transport are significant.
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In both approaches, the boundary conditions describe the electrochemical kinetics (i.e.,
current density is a function of applied potential, i(E)) of the reactions which are generally highly
nonlinear. These nonlinear boundary conditions can be described mathematically in some cases
(e.g., via the Butler-Volmer equation for cathodic/anodic that are both under charge-transfer
control) although very often the polarization behaviors measured do not follow any prescribed law,
for example, for a system containing an active-passive transition. In these and other cases, a
description of the kinetics via numerical fits to the polarization behavior is needed for both the
anodic and cathodic reactions. Independent of the means by which the electrochemical kinetics
are described, they serve as the most important aspect of the problem statement.
1.2.5.2 A Literature Review on the Application of FEM in Galvanic Corrosion Modeling
In this subsection, two types of galvanic corrosion will be discussed explicitly: micro-scale
galvanic corrosion, and large scale (beyond meso-scale) galvanic corrosion.
Aluminum and magnesium alloys have very heterogeneous microstructures which include
a number of different intermetallic compounds (IMC) which can serve as initiation sites for
localized corrosion (pitting or intergranular corrosion) of these alloys 55–63.

The accepted

mechanism for the location of the initiation sites is based on microgalvanic couples in which the
alloy matrix can be either the anode or cathode with respect to the adjacent IMC. Besides FEM
based modeling study which mainly focused on the potential, current and pH distributions on the
engineered galvanic couple in a very simple configuration set at micro-scale64,65, there are a
number of numerical efforts aiming to determine corrosion morphology evolution introduced by
the IMC. Deshpande66 developed a novel model to simulate the evolution of micro-galvanic
corrosion between 𝛼 (AM30 alloy) and 𝛽 (Mg17Al12) phases in AZ91D alloy. The twodimensional modeling was based on the Laplace’s Equation, with experimentally measured
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polarization curves of 𝛼 and 𝛽 phases rather than analytical expression (e.g., Butler-Volmer or
Tafel kinetics) as anodic and cathodic boundary conditions. The movement of corrosion front and
interface velocity were determined by Arbitrary Langrangian Eulerian (ALE) method. A network
of 𝛽 phases was created according the pertinent SEM image to represent the distribution of this
phase in the real microstructure, and this scenario was compared to a single 𝛽 phase case. It was
found that 𝛽-phase-network scenario resulted in more accelerated corrosion of 𝛼 phase than a
single- 𝛽-phase one due to larger cathode-to-anode area ratio. About the same time, Xiao and
Chaudhuri67 advanced the development of micro-galvanic corrosion modeling framework based
on the N-P Equation and proposed a predictive model to rigorously study the connection among
the Al alloy matrix, microstructure, and electrode/electrolyte conditions. The highlight of this
modeling framework is that boundary conditions can be adaptive to the changes in chemistry or
surface property that occurred in the previous time step. However, this modeling only focused on
the interaction between a single IMC and Al-matrix, a future work for the interaction between
multiple IMCs and Al-matrix is needed. A recent series of modeling studies performed by Yin et
al.68–70 and Wang et al.71 systematically studied the effect of bulk & local solution chemistry (pH,
dissolved oxygen and carbon dioxide, and etc.), the condition of corrosion product (structure,
surface coverage, and etc.), and geometric factors (radius of IMC and initial pit ring size) on the
pit morphology development in a single-IMC (Al3Fe)/ AA7075-matrix micro-galvanic corrosion
system, and also confirmed through both modeling and in-situ AFM measurement of the
deposition of Al(OH)3 on the localized corrosion site and its blocking effect.
The discussion above focuses on the galvanic corrosion at a very localized site on the
materials surface. Actually, FEM based modeling can also provide a holistic view of corrosion
distribution for an engineering metal/alloy such as aluminum or magnesium alloys which are prone
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to localized corrosion when galvanically coupled with a noble material at a larger scale.
Deshpande72,73 used a Laplace-Equation-based modeling approach to study localized corrosion
current density distribution along Mg Alloy AE44 when it was galvanically coupled with either
mild steel or Al alloy AA6063 in full immersion conditions and then compared the modeling
results with experimental measurements from the scanning vibrating electrode technique (SVET).
The comparison showed that maximum corrosion rate for AE44/mild steel couple was eight times
higher than that for AE44/AA6063 couple from modeling prediction. Trinh et al.74extended
Deshpande’s framework by re-examining the galvanic couple between AE44/mild steel, but with
the materials embedded in epoxy to create surrounding insulated edge. From both modeling and
SVET measurements, they showed that the localized corrosion rate and overall corrosion rate were
enhanced by existence of insulated edge, compared with the no-edge scenario.
FEM Modeling can also provide insight for the performance of sacrificial metallic coatings
that protect the underlying materials substrate75–81. An example application can be demonstrated
by Cui et al.76, in which they used a combined numerical and experimental approach to examine
the throwing power (distance from the farthest protected point to the edge of aluminum cladding
along the AA2024 substrate) of aluminum cladding for protecting underlying AA2024 within a
scratch, and they found that the throwing power is a function of electrolyte layer thickness over
the materials surface, scratch size, chloride concentration, cathodic limiting current density of
substrate as well as passive current density of clad. In order to achieve comparable results to the
outdoor exposed sample whose exposure environment was hard to estimate, a modeling condition
of 1M sodium chloride thin film electrolyte layer with thickness=25 𝜇m should be applied. King
et al.75 simulated the current and potential distribution in a galvanic couple between Mg rich primer
and its protected AA2024-T351 (Figure 1.6), they took into account polymer resistance of the
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primer by defining a term representative of potential drop across the primer film and incorporated
it into the boundary conditions. A study for the effect of polymer resistance showed that increased
polymer resistance can gradually decouple AA2024 from Mg rich primer electrochemically,
making it less protected.

Figure 1.6: Schematic representation of FEM based model geometry a) materials and electrolyte
conditions studied and b) assumptions of boundary conditions, after King et al.75

1.3

Overarching Research Questions
The overarching research question in this dissertation work is: how can we develop robust

computational modeling to predict localized corrosion as a function of environmental variables
related to atmospheric environment, materials properties and geometry of relevant corroding
structures? Two explicit questions will be addressed: (1) under what circumstances can Laplace’s
Equation be used to evaluate electrochemical distributions instead of the Nernst-Planck Equation?
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(2) What mechanisms control how external (solution environment, geometry) and internal
(materials) factors affect electrochemical and localized corrosion distributions for a galvanic
couple between SS316 and AA7050 involving a fastener-hole configuration?
1.4

Objectives
The main goal of this dissertation is to investigate the galvanic-coupling induced localized

corrosion distribution along AA7050-T7451 with a fastener-hole configuration between AA7050T7451 and SS316L in a simulated environment representative of atmospheric corrosion. This goal
is fulfilled by the following tasks:
•

Develop a robust finite-element modeling approach based on Laplace’s Equation to
accurately predict corrosion distributions and bound the application of this modeling
framework within its limitation by providing reasonable assumptions.

•

Utilize FEM modeling approach, electrochemical techniques, and pertinent
instrumental characterization tools to systematically investigate the effect of electrolyte
layer thickness, solution chemistry, materials surface properties, and galvanic coupling
geometry on the electrochemical and corrosion distributions in the galvanic coupling
between AA7050 and SS316L, and capture the underlying mechanism for the
dependence of corrosion distributions on each external variable.

1.5

Organization of Dissertation
This dissertation is divided into 7 chapters (Chapter 1: introduction; Chapter: 2: verification

of Laplace-Equation based modeling into corrosion modeling; Chapter 3: electrolyte layer
thickness effect study; Chapter 4: solution chemistry effect study; Chapter 5: surface property
effect Study; Chapter 6: corrosion geometry effect study; Chapter 7: conclusions and
recommended future work).
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Chapter 1 provided a literature review of several external variables pertinent to corrosion
issues in this dissertation work and gave a brief introduction to mathematical basis of finiteelement based modeling and its application to galvanic corrosion modeling. The latter part is based
on our published work: C. Liu and R.G. Kelly, “The Use of Finite Element Methods (FEM) in the
Modeling of Localized Corrosion”, The Electrochemical Society Interface, 23 (2014): p 47-51.
Another publication based on the literature review will be submitted to Corrosion Reviews.
Chapter 2 presented an example in which Laplace-Equation based modeling coupled with
accurately experimentally determined electrochemical kinetics as boundary conditions was
utilized to simulate galvanic corrosion distribution between Zn plate and SS rods and predict the
electrolyte layer thickness during ASTM B-117 salt spray testing. Another example was shown to
demonstrate the robustness of our modeling approach is based on well determined boundary
conditions. This chapter is based on our published work: C. Liu, G. Kubacki, and R.G. Kelly,
“Application of Laplace-Equation Based Modeling into Corrosion Damage Prediction for
Galvanic Couple between Zn Plate and Stainless Steel Rods under a Thin Film Electrolyte”,
Accepted by Corrosion.
Chapter 3 studied the effect of electrolyte layer thickness on the galvanic corrosion between
SS316L and AA7050 and provided a mathematical modeling approach to determine the critical
value of electrolyte layer thickness below which full immersion condition transitions into thin film
conditions, and parse dependence of cathodic current capacity of SS cathode to support AA7050
anode corrode on electrolyte film thickness, electrolyte resistance and cathode-to-anode area ratio
in thin film condition. This chapter is based on the published work: C. Liu, J. Srinivasan, and R.G.
Kelly, “Editors' Choice—Electrolyte Film Thickness Effects on the Cathodic Current Availability
in a Galvanic Couple”. Journal of the Electrochemical Society, 164 (2017): p.C845-C855.
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Chapter 4 investigated the effect of solution chemistry on the galvanic corrosion
distribution. This chapter consists of four parts: (1) the effect of pH and conductivity on the
electrochemical distributions in AA7050/SS316L with as fastener-hole configuration was
investigated in Part 1; (2,3) Part 2&3 investigated the effect of Zn2+ & Mg2+ (Part 2), and Al3+
(Part 3) on the cathodic kinetics of AA7050 as a function of concentration and immersion time,
assuming there was no galvanic coupling between AA7050 and SS316L such that AA7050 was
the cathode and metal-richer primer was the anode; (4) Part 4 combined the study from Part 2 and
3 to investigate the effect of Al3+ and Mg2+ on the galvanic corrosion distribution between SS316L
and AA7050 without and with metal-rich primer involved. Part 1 is based on the published work:
C. Liu, R.G. Kelly, “Mathematical Modeling of Effect of pH and Conductivity on Electrochemical
Distributions in Galvanic Coupling in Airframe Components”, DoD Corrosion Conference 2015,
Pittsburgh, PA, November 15-19, 2015. Part 2 and 3 will be turned into another two publications
which will be submitted to Journal of Electrochemical Society.
Chapter 5 studied the effect of surface properties on the cathodic kinetics of stainless steel.
Three different studies were presented in this chapter: (1) the effect of surface treatment on the
ORR cathodic kinetics of stainless steel in a simulated thin film electrolyte condition; (2)
comparative study of the effect of oxide film composition at various pre-oxidation potentials on
the cathodic kinetics between SS304L and SS316L. The work in this chapter will be submitted to
Corrosion.
Chapter 6 presented a combined experimental and modeling approach to study the effect
of galvanic coupling geometry on the galvanic corrosion distributions. Two different studies were
performed: (1) the electrochemical and corrosion distributions in the crevice formed in galvanic
coupling between AA7050 and SS316L as a function of cathode-to-anode area ratio were studied
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experimentally and numerically; (2) the effect of crevice geometry on the galvanic-coupling
induced crevice corrosion of AA7050 was explored, and validation of application of typical
crevice scaling law for the crevice between the galvanic couple was also examined.
Chapter 7 provided a summary of conclusions from each chapter and recommended future
works for this dissertation research.
1.6
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2. Verification of the Robustness of Laplace-Equation Based Modeling into
Corrosion Prediction
Summary:
In this chapter, the robustness of Laplace-Equation based FEM modeling was verified by
investigating the galvanic corrosion between a zinc plate and stainless steel (SS) 316L rods. The
purpose of using zinc as anode materials is two-fold: (1) zinc is the principal alloying element of
7xxx series Al alloy; (2) Al and Al alloys are prone to localized corrosion in chloride containing
solution, whereas zinc generally experiences uniform corrosion which can make the post corrosion
damage easier to measure and easily perform direct comparison with modeling prediction. In this
work, the effect of electrolyte layer thickness, solution conductivity as well as geometric spacing
between SS rods on the corrosion current distribution was investigated, the modeling prediction
was also compared with experimental results from laboratory scale salt fog test to back calculate
the electrolyte layer thickness assuming a constant thin electrolyte layer was maintained on the
surface during the exposure. Analysis of the effect of types of boundary conditions on the modeling
predictions was examined to demonstrate that the robustness of Laplace-Equation based modeling
is highly dependent on the use of accurate boundary conditions.
The work presented in this chapter has been reported in the following publication:
•

C. Liu, G. Kubacki, and R.G. Kelly, “Application of Laplace-Equation Based Modeling
into Corrosion Damage Prediction for Galvanic Couple between Zn Plate and Stainless
Steel Rods under a Thin Film Electrolyte”, Accepted by Corrosion.
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2.1

Abstract
Connections between dissimilar materials are frequently encountered in aviation and

marine structures. When two types of materials are exposed to a moist atmospheric condition, there
is a high possibility that a corrosion cell can be established due to galvanic coupling via the creation
of either a droplet or a thin film electrolyte. Experimental measurements under such conditions are
challenging. Computational modeling can complement experimental characterization to achieve
a better understanding of corrosion susceptibilities and the dependence on external variables in
atmospheric conditions. In this work, a finite element modeling approach based on the Laplace
Equation with mathematically fitted electrochemical kinetics from experiment was developed to
simulate electrochemical and corrosion distributions along a Zn plate with inserted SS rods under
thin film electrolyte conditions. Modeling results were then compared with accelerated exposure
testing results to demonstrate the ability of Laplace-Equation based modeling to predict corrosion
damage under thin electrolyte conditions. Comparison of modeling and measurement of damage
along the Zn plate and showed the electrolyte layer thickness was about 3,500~4, 000 𝜇m on the
surface during modified ASTM B117 test assuming a constant thin electrolyte layer was
maintained on the surface during the exposure.
2.2

Hypothesis
Laplace-Equation based approach can accurately predict corrosion damage from

experiment, as long as boundary conditions are bounded by well-defined solution chemistry,
electrolyte layer thickness, as well as geometries of anode and cathode.

28

2.3

Introduction
Connections between dissimilar materials are frequently encountered in aviation and

marine structures, and thus there is an increase in the likelihood of galvanic corrosion when an
ionically conductive solution is present. There have been extensive experimental investigations of
galvanic corrosion between dissimilar metals or alloys, but many of them used full immersion
conditions to simulate an atmospheric corrosion environment. This approach may fail to fully
capture the important characteristics of atmospheric exposures. Atmospheric corrosion is a
complicated phenomenon affected by multiple external variables1 (e.g., relatively humidity,
solution chemistry, electrolyte layer thickness/droplet size), and when galvanic coupling with a
complicated geometry is involved, conventional experimental characterization on galvaniccouple-induced atmospheric corrosion is difficult.
Computational modeling can be combined with experimental characterization to increase
the understanding of the dependence of the corrosion susceptibility on external variables. This
complementary computational and experimental approach quantifies the important characteristics
that control corrosion rate and resultant corrosion morphology. There are several computational
modeling approaches available for corrosion studies, but among these, the finite element method
(FEM) has been most widely used to study potential and current distributions, as well as transport
phenomena in corroding systems2,3. There are two prevailing approaches in FEM-based corrosion
modeling which are differentiated based on the governing equation used: the Nernst-Planck
Equation or the Laplace Equation. The Nernst-Planck Equation takes into account all the
contributions from diffusion, migration and convection. The solution to Nernst-Planck Equation
results in a full transient expression of the distributions of concentration, potential, and current,
but at the cost of very long processing time and increases computational complexity. Recent work 4–
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9

has demonstrated the utility of the use of Laplace’s Equation in the modeling of electrochemical

distributions by coupling it with experimentally-derived electrochemical kinetics as boundary
conditions along with estimations of the electrolyte conductivity. However, the accuracy of
numerical solutions by Laplace Equation needs to be assessed for predicting realistic experimental
results.
Stainless steel (SS) is a typical cathode material involved in a number of galvanic coupling
systems such as aluminum alloy (AA)/ SS10-13, zinc (Zn)/SS14,15, and magnesium alloy /SS16-18.
Especially for AA/SS or Zn /SS galvanic couple, the galvanic coupling potential is usually located
at the cathodic mass-transfer-limited region of SS based on the Mixed Potential Theory assuming
cathode-to-anode area ratio is 1:14,19, which implies cathodic diffusional kinetics of oxygen
reduction reaction (ORR) for noble SS can further impact the degree of galvanic corrosion if
corrosion exposure environment can affect mass transfer of dissolved oxygen in the electrolyte.
Zinc (Zn) is an electrochemically-active metal material which generally experiences uniform
corrosion when coupled with noble materials in saline solutions, leading to corrosion damage that
is more straightforward to assess as compared to materials such as aluminum alloys which are
prone to localized corrosion. There have been a number of reported studies focusing on exploring
the electrochemical, chemical and corrosion distributions for Zn/noble material couples. Tahara et
al.20 utilized a Kelvin probe to measure the potential distribution along the Zn/SS couple under a
thin layer of electrolyte, and they found that the effective galvanic corrosion distance along the Zn
away from the Zn/SS interface was proportional to electrolytic resistance and water layer thickness.
Tada et al.21,22 developed both [Zn2+] and pH sensors to determine [Zn2+] and pH distributions
along a Zn/Steel couple in 0.01M NaCl. Simões et al.15 applied both the scanning vibrating
electrode technique (SVET) and the scanning electrochemical microscope (SECM) to investigate
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current distribution along a Fe-Zn cell. As for modeling efforts, Lee23 used the Laplace Equation
to solve for the potential distribution along the Zn/SS galvanic couple interface under a thin layer
electrolyte and concluded that the degree of corrosion is affected by electrolyte thickness,
conductivity, and the properties of surface.
The objective of this study is to assess the application of the Laplace Equation for the
prediction of potential, current, and corrosion distributions along a Zn plate with SS rods in the
plate under a controlled simulated thin layer electrolyte. The galvanic corrosion as a function of
electrolytic conductivity, electrolyte layer thickness, and spacing between two adjacent SS rods
has been evaluated numerically. Experimentally determined kinetics of each material serve as
boundary conditions. ASTM B117 testing for Zn plate/SS rods galvanic couple followed by optical
profilometry was conducted to utilize the numerically predicted results to estimate the electrolyte
layer thickness during a modified ASTM B117 testing. The effect of types of boundary conditions
on the modeling prediction was also investigated to demonstrate the robustness of LaplaceEquation based modeling approach is highly dependent on the use of appropriate boundary
conditions.
2.4

Experimental Procedure

2.4.1 Mathematical Development
In a dilute electrolyte, the current density can be expressed as24

𝑖 = −𝐹 ∑ 𝑧𝑗 𝐷𝑗 ∇𝑐𝑗 − 𝐹 2 ∇𝜙 ∑ 𝑧𝑗2 𝑢𝑗 𝑐𝑗 + 𝐹𝜈 ∑ 𝑧𝑗 𝑐𝑗
𝑗

𝑗

diffusion

migration

(2.1)

𝑗

convection
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where cj is the concentration of species j, Dj is the diffusivity of species i, zj is the charge number
of species j, F is Faraday’s constant, 𝜙 is the electric potential, uj is the electrochemical potential
of species j, and 𝜈 is the fluid velocity.
Three assumptions are typically made in order to simplify the solution to this equation. The
first is electroneutrality, which is shown in Equation 2.2:
𝑛

(2.2)

∑ 𝑧𝑗 𝑐𝑗 = 0
𝑗=1

The second assumption is that the migration term overwhelms diffusion term in Equation 1, and
finally, there is no convection motion in bulk solution. Hence, Equation 2.1 is simplified to
Equation 2.3:
𝑖 = −𝜅∇𝜙

(2.3)

where conductivity (𝜅) = 𝐹 2 ∑𝑗 𝑧𝑗2 𝑢𝑗 𝑐𝑗 . By enforcing the conservation of charge (Equation 2. 4),
∇∙𝑖 =0

(2.4)

the Laplace Equation can be obtained, which is the governing equation used in the modeling
framework
∇𝜙 2 = 0

(2.5)

2.4.2 Model Implementation
A Workstation with Quad-core processor and 8 GB of RAM was used to perform the
mathematical modeling in this work. The Secondary Current Distribution Module at steady state
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in COMSOLTM Multiphysics software (version 5.3a) was applied to calculate electrochemical
distributions in the simulated geometry of the galvanic couple. The modeling domain of interest is
the electrolyte only. Two objectives were the focus of the modeling: (1) to investigate the influence
of solution parameters (electrolyte layer thickness and solution conductivity) and geometric
parameters on electrochemical distributions along the galvanic couple surface; (2) to compare the
modeling results with those from exposure testing to demonstrate the application of the Laplace
Equation for corrosion distribution prediction. Two configurations were used in the first modeling
category. A single SS rod was set at the center of the Zn plate in Configuration 1, whereas two SS
rods was set at the center and side of the plate in Configuration 2. The details of dimensions of two
configurations are shown in Figure 2.1. The electrolyte layer thickness ranged from 5E-3 cm (50
𝜇m) to 0.4 cm, and solution conductivity ranged from 0.5 S/m to 5.5 S/m. For spacing between the
centers of two SS rods in Configuration 2, three different values were chosen: 1.5cm (short), 2.5cm
(medium), and 4cm (long). Electrochemical kinetics of the Zn and SS were mathematically fitted
to facilitate the boundary condition implementation. Anodic kinetics of Zn was applied on the Zn
plate as the boundary condition, whereas the cathodic kinetics of SS was applied on the SS rod(s)
as the boundary condition for those areas.
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Figure 2.1: Configurations of two types of Zn/SS galvanic couple: a) SS rod in center of Zn plate
in Configuration 1; b) Two SS rods (one stayed in center) with spacing equal to 1.5, 2.5 and 4cm
respectively in Configuration 2.

2.4.3 Electrochemical Kinetics
Stainless steel (SS) UNS S31600 (composition shown in Table 2.1) and 99.9%wt pure Zn
were used in this work. They were prepared into 2cm x 2cm square coupons and ground to a
surface finish of 600 grit with silicon carbide paper. All the electrochemical measurements were
conducted using a Bio-LogicTM SP200 potentiostat in a three-electrode cell configuration with a
SS (or Zn) coupon as the working electrode (WE, exposure area=1cm2), a platinum-niobium mesh
as the counter electrode (CE), and a saturated calomel electrode (SCE) as the reference electrode
(RE). Potentiodynamic polarization measurements were performed at a scan rate= 0.167 mV/s
after 1-hour open circuit potential (OCP) stabilization. For SS, the scan started 100 mV above OCP
before reaching the final potential of -1400 mVSCE; for Zn, the scan began 100 mV below OCP
and ended at 300 mV above OCP. Two types of solutions were tested at 35 oC: 0.6M NaCl, and
0.6M NaCl + 0.04M K2S2O8. The latter solution with potassium persulfate added was used to
accelerate the galvanic corrosion rate in the salt spray testing described in the following subsection.
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Table 2.1: Nominal composition of UNS S31600 alloy (wt%)
Element Present
Composition

C

Mn

Si

P

S

Cr

Ni

N

Fe

Avg. Mass%

0.08

2.0

0.75

0.045

0.03

20.0

10.5

0.1

balance

2.4.4 Modified ASTM B-117 Salt Fog Testing
Zn/SS galvanic couples in Configuration 1 with surface finish equal to 320 grit were tested
in the experiment. Optical microscope was used to ensure that no crevice appeared in the interface
between SS rod and the Zn surrounding. All the test samples were horizontally placed in the slots
of test rack in a salt fog testing chamber, with a tilt angle equal to 30 degree with respect to the
rack bottom.
A modified salt fog test was utilized in which the testing solution was 0.6M NaCl with
addition of 0.04M K2S2O8 and the temperature was set at 35oC. A 96hr test with constant salt spray
was conducted with a 5-minute interruption every 24hrs to remove accumulated corrosion products.
During this interval, testing specimens were sonicated in ammonium persulfate solution (10 wt%)
for 1 minute to remove the majority of the corrosion products accumulated on the Zn plate. The
purpose of this treatment was to mitigate the effect of corrosion products on the thin film
electrolyte layer on the testing specimens, and to maintain a relatively uniform testing solution
composition on the specimen surfaces during the entire testing period. The testing samples were
thoroughly cleaned with 10wt% ammonium persulfate solution for 5mins and rinsed with DI water
at the end of the salt fog testing. The corrosion damage was then measured using Zygo NewView™
7300 Optical Surface Profiler.
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2.5

Results and Discussions

2.5.1 Electrochemical Kinetics of SS and Zn
Polarization curves of both Zn and SS were mathematically fitted using EC-lab software
(Ver.11.01) shown in Figure 2.2. For Zn, only anodic kinetics portion was taken into account from
Ecorr to -0.95 VSCE. As for SS the fitted region started from -0.3 VSCE down to -1.4 VSCE. This
fitting allowed the removal of the effects of uncompensated IR drop during the generation of the
Zn polarization curve at high current density as well as allowing representation of mass transfer
limited cathodic kinetics of SS as a function of thin film electrolyte layer thickness. Specifically,
the cathodic limiting current density (𝑖𝑙𝑖𝑚,𝑊𝐿 ) was determined via Equation 2.6, by knowing the
value in quiescent solution from the original curve
𝑖𝑙𝑖𝑚,𝑞𝑢𝑒𝑖𝑠𝑐𝑒𝑛𝑡
𝑊𝐿
=
𝑖𝑙𝑖𝑚,𝑊𝐿
800𝜇𝑚

(2.6)

where a reduction in the electrolyte layer thickness on the SS surface increases the pertinent
𝑖𝑙𝑖𝑚,𝑊𝐿 . Actually, 𝑖𝑙𝑖𝑚,𝑊𝐿 is proportional to reciprocal of WL according to Fick’s 1st Law,

𝑖𝑙𝑖𝑚,𝑊𝐿 =

𝑛𝐹𝐷𝐶𝑂2 ,𝑏𝑢𝑙𝑘
𝑊𝐿

(2.7)

but 800 𝜇m was chosen for the critical natural convection diffusional layer thickness for quiescent
solution due to the inevitable natural convection phenomenon in thick electrolyte films1,25. The
determination of this value has been discussed elsewhere4. The net result of the natural convection
limit is that the dependence of the diffusion limited current density can be described by Fick’s 1 st
Law as long as WL is smaller than 800𝜇m, whereas it is a constant regardless of WL thickness
above that value. It should be also noted that only mass transfer limited cathodic kinetics of SS in
terms of ORR were fitted and extrapolated since the activation region of ORR is not affected by
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the WL. These fitted and extrapolated electrochemical kinetics of Zn and SS were assigned as
anodic (Zn) and cathodic (SS) boundary conditions in the modeling work.

Figure 2.2: Original and fitted polarization curves of SS and Zn for 0.6 M NaCl.
2.5.2 Modeling Studies to Investigate the Effect of Pertinent Parameters
2.5.2.1 Geometric Parameters
In this subsection, the effects of spacing and the number of SS rods are addressed. For this
portion of the work, the WL was set equal to 800 𝜇m and was uniformly distributed across the
galvanic couple surface. The conductivity was set to 5.5 S/m. In Configuration 1, the peak current
density is at the SS/Zn interface, as expected, with the current density decreasing towards a steady
state with increasing distance. This steady state is due to the high conductivity and thickness of
the WL. A comparison of dissolution current density distribution away from the center of centric
SS rod (center of Zn plate) along the Zn plate, between Configuration 1 and Configuration 2 with
three different spacings is shown in Figure 2.3. When a second SS rod was introduced
(Configuration 2), the average dissolution current density between the two SS rods increased
relative to Configuration 1. As the spacing between the two SS rods decreased, the average
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dissolution current density became more intensified, implying the most severe corrosion damage
would appear between the two SS rods in the short spacing scenario. Furthermore, the decay in
current density away from the Zn/SS interface within the spacing was steeper as the spacing
became longer. The peak current density appeared at Zn/SS interface and did not change
significantly when the spacing changed from 4 cm to 2.5 cm, and then rose up when the spacing
shrank to 1.5 cm, which was nearly 1.5 times that for medium or short spacing scenario.

Figure 2.3: Comparison of current density distribution between Configuration 1 and Configuration
2 with three different spacing.
2.5.2.2 Electrolyte Parameters
Solution conductivity and electrolyte layer thickness (WL) are the two main electrolyte
parameters studied in this subsection. An assumption was made under which electrolytic
conductivity is independent of the concentration of solution (fixed at 0.6M NaCl during the
simulation). Although it is not physically true since solution conductivity is a function of solution
chemistry, the purpose of this study is to concentrate on the effect of solution conductivity on the
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potential and current density distributions in the galvanic coupling, making this assumption
reasonable for a decent range of solution conductivity which was from 0.5 to 5.5 S/m.

Figure 2.4: Current density distributions as a function of solution conductivities for WL=4,000
𝜇m
For Configuration 1, the current density distribution as a function of solution conductivit y
for two different WLs is shown in Figure 2.4 (4,000 𝜇m) and Figure 2.5 (50 𝜇m) respectively.
When WL=4,000 𝜇m, the lowest solution conductivity (0.5 S/m) resulted in the highest peak
current density at the SS/Zn interface, with the current density decaying sharply with distance from
the interface, compared to a more sluggish decay when the conductivity was equal to 5.5 S/m, the
peak current density for 0.5 S/m was almost twice that for 5.5 S/m. Whereas when WL=50 𝜇m
(Figure 2.5), the highest peak current density (0.5 S/m) was more than four times that for 5.5 S/m,
a sharper drop in current density occurred, and the large dissolution current density was
constrained to a shorter distance away from the interface compared to WL=4000 𝜇m, implying that
larger ohmic resistance brought by thinner WL electrolyte layer resulted in more severe corrosion
attack focused at the interface before decaying dramatically, and the corrosion attack at the
interface became more obvious at lower solution conductivity.
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Figure 2.5: a) current density distributions as a function of solution conductivities for WL=50𝜇m;
b) zoom-in of Figure 2.5a at the interface area.
As for Configuration 2, the case of short spacing was analyzed. A comparison of current
density distributions as a function of WLs for two different solution conductivities is shown in
Figure 2.6a & b. For a solution conductivity of 5.5 S/m, a flat current density distribution between
the two SS is observed, and the average current density increased mildly as WL decreased from
4,000 𝜇m to 800 𝜇m. As the WL decreased from 800 𝜇m to 50 𝜇m, a non-uniform current density
distribution appeared in which peak current density was at Zn/SS interface and a minimum in
current density was at the center of the spacing. Overall, the minimum current density increased
as the WL decreased for a conductivity of 5.5 S/cm. However, when conductivity was decreased
to 0.5 S/m, although the peak current densities at the Zn/SS interface were all higher than those
under 5.5 S/m, the minimum current density decreased with decreasing WL from 200 to 50 𝜇m,
resulting in a lower minimum for WL=50 𝜇m than for WL=4,000 𝜇m. This phenomenon indicates
that although lower WL resulted in enhanced cathode delivery capacity of SS rod (due to higher
diffusion limited cathodic current densities) which intensified corrosion damage at the Zn/SS
interface, the high ohmic resistance due to a thin WL and low solution conductivities prevented the
cathode from delivering current far from the interface. This situation can be confirmed from the
comparison of current density distributions as a function of solution conductivity for WL=4,000
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𝜇m and 50 𝜇m respectively (Figure 2.6c &d). Both the peak current density and the minimum
current density increased as the solution conductivity decreased when WL=4,000 𝜇m, whereas
when WL=50 𝜇m, the minimum current density as well as average current density decreased as
conductivity decreased.

Figure 2.6: Comparison of current density distributions for: a) 5.5 S/m and b) 0.5 S/m as a function
of WLs; for c) WL=4,000 and d) WL= 50 𝜇m as a function of conductivities.
2.5.2.3 Combined Effect of SS Rod Spacing and WL
To explore the combined effects of geometric and electrolyte parameters on the galvanic
corrosion damage, an example will be discussed in this subsection to demonstrate how spacing
between two SS rods and WL affected the average dissolution current density between the two rods
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in Configuration 2. The definition of average current density is the integral of current density along
the length of the Zn spacing divided by the total length of the Zn spacing. The solution conductivity
was set at 5.5 S/m. It should be noted that the long, medium and short spacing were assigned to be
4, 2.5 and 1.5 cm specified previously. A comparison of average current densities as a function of
WL for three different spacings is shown in Figure 2.7. Under the same WL, the average current
density increased with reduced spacing due to the more effective interaction between Zn/SS
brought by the shortened ohmic resistance distance (spacing), the degree of this increase became
more significant as WL decreased below 800 𝜇m, owing to enhanced cathodic kinetics of SS rod
brought by enhanced mass transfer of oxygen. For the same spacing, an almost constant average
current density was found for the long spacing above 800 𝜇m. It then rose gradually as the WL
kept decreasing. The medium spacing experienced a similar change in average current density,
except that average current density started to increase once WL was thinner than 2400 𝜇m. For the
short spacing, the average current density increased for all decreased WL, and the degree of
increase was more dramatic once WL was below 800𝜇m. It can be concluded that the lowest
electrolytic ohmic resistance from short spacing resulted in more interaction between two SS rods
and the Zn portion in between, and the galvanic corrosion became more significant as WL went
below 800 𝜇m, thanks to the enhanced mass transfer limited cathodic kinetics from SS cathode to
provide more cathode current to maintain the corrosion of Zn.
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Figure 2.7: A comparison of average inter-cathode dissolution current densities as a function of
WLs for three different spacings.
2.5.2.4 Cathode Current Availability
This subsection focuses on the effect of cathode current availability from SS rod on the
galvanic corrosion. Changes in cathode kinetics could occur due to a change in the surface property
of SS, or the presence of corrosion products, or an insulating coating. To assess such effects, a
comparison of Zn dissolution current map on the plate from the top view is shown in Figure 2.8,
in which the cathode current from SS was reduced from 100% (Figure 2.8a) to 50% (Figure 2.8b),
and 10% (Figure 2.8c) of its original value. The WL was set equal to 200 𝜇m, and solution
conductivity was set to be 5.5 S/m. It can be seen that: for Configuration 2 with a short spacing
=1.5cm between the SS, as the cathode current availability decreased, the interaction between Zn
and SS rods within the spacing become disconnected. The reduced cathode current delivery
capacity hence made the effective area ratio of cathode to anode smaller than the one with full
current delivery capacity, resulting in less corrosion-attacked phenomenon taking place at the
Zn/SS interface. Although the IR drop between two cathodes became smaller which would have
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led to more galvanic corrosion in between because of reduced IR, the effect of significant reduction
in cathodic current availability overwhelmed the reduced IR drop effect which made the area and
degree of galvanic corrosion dramatically decreased. This also implied that a corrosion product
build-up as well as protective coatings on the cathode can actually mitigate the corrosion damage.

Figure 2.8: Comparison of Zn dissolution current map on the plate in terms of cathode current
availability on SS from a): 100%, to b): 50% and c): 10%. In this comparison, WL=200 𝜇m,
spacing= 1.5 cm and solution conductivity= 5.5 S/m.
2.5.3 Comparison of Results between Salt Fog Testing and Modeling Prediction
In order to validate the application of the Laplace’s Equation based modeling work to
corrosion damage distribution prediction, the corrosion damage occurring on the Zn surface near
the SS rods after 96 hrs. salt fog testing was compared to the modeling results in Configuration 1.
The main goal of this comparison is to back calculate the estimated electrolyte layer thickness
during B-117 test through modeling approach, due to the technical difficulty of monitoring and
measuring the real electrolyte layer thickness during the experimental test.
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Figure 2.9: Original and fitted polarization curves of SS and Zn in 0.6M NaCl+0.04M K2S2O8
solution.
Modeling work in this section used electrochemical kinetics of Zn and SS in 0.6M
NaCl+0.04M K2S2O8 as new boundary conditions which are shown in Figure 2.9. It can be seen
that in quiescent solution, the mass transfer limited cathodic current density was about 100 times
that observed in 0.6 M NaCl solution, which is the main reason why persulfate species was added
into NaCl solution as it would be expected to accelerate the galvanic corrosion damage during
96hrs salt spray testing so as to obtain measurable corrosion damage on the Zn plate. In the
simulation, a parametric sweep in terms of WL from 4 mm to 50 𝜇m at a fixed conductivity of 5.5
S/m was performed to obtain a series of dissolution current density distributions and then found
out under what WL the modeling result matched well with experimental results.
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Figure 2.10: a) Top view and b) 3D view of corrosion morphology in the vicinity of Zn/SS
interface measured by Zygo optical profilometer for samples with Configuration 1 after modified
B-117 Test.
The resultant top view and 3D view of corrosion depth distribution of Zn plate in the
vicinity of center SS rod were shown in Figure 2.10. A comparison of corrosion depth distributions
for three samples which were obtained by averaging the depth distributions along the three
directions in each sample (shown in Figure 2.10a) was displayed in Figure 2.11a. The average
corrosion depth profile based on measurements from these three samples then compared with
modeling results, in which current density profiles were converted into corrosion depth profile
using Faraday’s Law
𝑖MZn 𝑡
=𝑥
𝑛𝜌𝑍𝑛 𝐹

(2.8)

where i is the current density, MZn is the molar mass of Zn (MZn = 65.38 g/mol), n is the number
of electron transferred (n=2), t is the exposure time (t=4*24*3600=345,600 s), 𝜌𝑍𝑛 is the density
of Zn (𝜌𝑍𝑛 =7140 kg/m3), F is the Faraday’s constant (F=96,485 C/mol), and x is the corrosion
depth. The comparison is shown in Figure 2.11b. From the modeling prediction, the corrosion
depth distribution at each WL decreased quickly from the SS/Zn interface until approximately
0.1cm, and then kept decreasing slowly afterwards. A zoom-in of Figure 2.11b focusing on the
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first 0.1cm away from the interface is available in Figure 2.11c. It is shown that experimental result
falls within the range of simulated results between WL=3,000 𝜇m and 4,000 𝜇m. To find the
appropriate WL range, residual analysis is performed between experimental results and simulated
results when WL=3,000 𝜇m, 3,500 𝜇m and 4,000 𝜇m respectively shown in Figure 2.11d. The
calculated residual areas based on this figure are: -0.175 m2 (WL=3,000 𝜇m), -1.28E-2 m2
(WL=3,500 𝜇m), and 0.109 m2 (WL=4,000 𝜇m) respectively. As a result, WL=3,500~4,000 𝜇m
would be the appropriate WL range formed on the sample surface during salt fog testing as it best
matches the profile for the majority of the distribution. Close to the interface it is likely that rapid
formation of corrosion products limited the attack.
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Figure 2.11: a) comparison of corrosion depth distance away the Zn/SS interface from three
different samples; b) comparison between experimental and modeling result; c) zoomed in near
interface shown in Figure 2.11b; d) residual analysis between experimental results and simulated
results when WL=3,000 𝜇m, 3,500 𝜇m and 4,000 𝜇m respectively.
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It should be noted that one cannot calculate the exact WL thickness in a simulated B-117
testing environment from the modeling framework in this study since WL is not the direct
modeling output, but potential and current density as well as corrosion depth are. Instead, the
appropriate WL range pertinent to B-117 environment can be back calculated by matching the
experimental results with simulated one under different WL assumptions as shown in Figure 2.11.
Since the in-situ measurement of WL above the sample surface during B-117 test is difficult to be
achieved experimentally, modeling prediction can provide alternative way to predict WL thickness
range, which in turn validates the application of our modeling approach into localized corrosion
distribution prediction. Furthermore, the predicted WL range for the modified B-117 test in this
study is 3,500~4,000 𝜇m (3.5~4 mm), the rationality that WL thickness is on the order of
millimeters during constant salt spray test or even wet-dry cyclic salt spray test can be verified by
Skelton and Kelly’s work26 (WL~4mm during ASTM B-117 test) and Blohm’s work27 (WL~4mm
during modified ASTM G85 test involving wet-dry cycling).
2.5.4 Evaluation of the Effect of Boundary Conditions on the Modeling Predictions
Besides the actual electrochemical response of materials to the testing solution
(experimentally determined electrochemical kinetics) as boundary conditions in the FEM based
corrosion modeling, one can also use equation-based electrochemical kinetics as boundary
conditions such as Butler-Volmer-Equation28-30, and linear electrode kinetics31. This discussion is
aimed to illustrate that inappropriate estimation of electrode kinetics as boundary conditions can
lead to a false prediction of corrosion damage largely different from one based on experimentally
determined electrode kinetics.
In previous section, experimentally determined electrochemical kinetics of SS316L as well
as Zn in 0.6M NaCl+0.04M K2S2O8 solution were used as cathodic and anodic boundary
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conditions in the modeling work to simulate corrosion damage distribution along the distance away
from the Zn/SS interface in Configuration 1. Here Butler-Volmer Equation and linear electrode
kinetics were both applied to estimate the kinetics of SS316L compared to the experimentally
determined one. For Butler-Volmer Equation, the response of current density to the applied
potential is
𝛼𝑎 𝑛𝐹(𝐸 − 𝐸𝑐𝑜𝑟𝑟 )
−𝛼𝑐 𝑛𝐹(𝐸 − 𝐸𝑐𝑜𝑟𝑟 )
] − 𝑒𝑥𝑝 [
]}
𝑖 = 𝑖𝑜 {exp [
𝑅𝑇
𝑅𝑇

(2.9)

Or it can be expressed in terms of Tafel form
𝐸−𝐸𝑐𝑜𝑟𝑟
𝛽𝑎

𝑖 = 𝑖𝑜 (10

− 10

𝐸−𝐸𝑐𝑜𝑟𝑟
−𝛽𝑐 )

(2.10)

where io is the exchange current density, Ecorr is the corrosion potential, n is the number of electrons
transferred, 𝛼𝑎 is the anodic charge transfer coefficient, 𝛼𝑐 is the cathodic charge transfer
coefficient, 𝛽𝑎 is anodic Tafel slope and 𝛽𝑐 is the cathodic Tafel slope. As for linear electrode
kinetics, one can express it as

𝑖 = −𝑖𝑜

𝐹(𝐸 − 𝐸𝑐𝑜𝑟𝑟 )
𝑅𝑇

(2.11)

It should be noted that the evaluation of electrochemical parameters in either Butler-Volmer or
linear electrode kinetics is based on the potential region in vicinity of corrosion potential Ecorr. By
utilizing EC-lab software, one can obtain these pertinent electrochemical parameters shown in
Table 2.2.
Table 2.2: Electrochemical Parameters Fitted from Experimentally Determined Cathodic Kinetics
of SS316L via EC-Lab Software.
𝑖𝑜
9.4E-9 A/cm2

Electrochemical Parameters
Ecorr
𝛽𝑎
0.222 VSCE
138 mV/dec

𝛽𝑐
77.6 mV/dec
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By plugging these values into Equation 2.10 and 2.11, the pertinent Butler-Volmer and
linear kinetics of SS316L were plotted together with experimentally determined one in Figure
2.12a. Assuming the cathode to anode area ratio was 1:1, one can observe that the galvanic
coupling potential (Egalvanic) based on Butler-Volmer equation was more positive and led to much
higher galvanic corrosion current (igalvanic) than experimentally determined one, whereas Egalvanic
based on linear kinetics was more negative (~Ecorr of Zn) which resulted in much lower igalvanic. A
comparison of simulation results of corrosion damage distributions away from the Zn/SS interface
based on three different cathodic boundary conditions when WL=3,500 𝜇m is shown in Figure
2.12b. It can be clearly seen that: Butler-Volmer-Equation based kinetics extensively
overestimated the corrosion damage across the entire length, especially the corrosion depth right
at the interface was about 240000 𝜇m which was nearly 800 times higher than experimental
kinetics; linear kinetics however underestimated the corrosion damage to a large degree such that
the corrosion depth at the interface was 0.9 𝜇m, which was only 0.3% of that for experimental
kinetics. Since higher WL leads to shallower corrosion depth and lower WL leads to deeper one as
discussed earlier, we increased WL for Butler-Volmer Equation based kinetics to 1m and decreased
that for linear kinetics to 1 𝜇m, however neither of their results became comparable to that for
WL=3,500 𝜇m with experimental kinetics which was most relevant to experimental measurement
result (Figure 2.12c). From this case study, one can conclude that: the robustness of LaplaceEquation based modeling is highly dependent on the boundary conditions, experimentally
determined electrochemical kinetics as boundary conditions can truly reflect the electrochemical
response of anode/cathode to the surrounding solution environment, which in turn yields the
simulated results mostly close to experimental measurement.
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Figure 2.12: a) Comparison of SS316L kinetics in different forms; b) comparison of simulated
corrosion depth distributions away from Zn/SS interface in Configuration 1 based on different
forms of SS316L cathodic kinetics at the same WL=3500 𝜇 m; c) comparison of simulated
corrosion depth distributions away from Zn/SS interface in Configuration 1:WL=3500 𝜇m for
experimental determined kinetics, WL=1m for B-V kinetics, and WL=1 𝜇m for linear kinetics.
2.6

Conclusions
Laplace-Equation based modeling coupled with mathematically fitted electrochemical

kinetics from experiment as boundary conditions was applied to simulate galvanic corrosion
between Zn plate and SS 316 rods under thin layer electrolyte condition. The effect of geometric,
electrolytic parameters on the corrosion distribution had been examined. The modeling results
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were then compared with experimental results from a four-day modified B117 test by adding
sodium persulfate to predict the thickness of thin film electrolyte during the test from modeling.
•

For geometric parameters, Increasing the number of cathode rod (SS) resulted in higher
current density (corrosion) on the anode (Zn) due to higher cathode-to-anode ratio;
Shorter spacing between two adjacent SS rods resulted in more severe corrosion
damage.

•

For electrolytic parameters, the high ohmic resistance due to thin WL and low solution
conductivities prevented the cathode from delivering current far away from the
interface.

•

For a combined effect of both geometric and electrolytic parameters, the lowest
electrolytic ohmic resistance from shortest spacing resulted in more interaction
between two SS rods and the Zn portion in between, and the galvanic corrosion became
more significant as WL went below 800 𝜇m, due to the enhanced mass transfer limited
cathodic kinetics from SS cathode to provide more cathode current to maintain the
corrosion of Zn.

•

WL=3,500~4,000 𝜇m would be the appropriate WL range formed on the sample surface
during modified B117 salt fog testing.

•

The robustness of Laplace-Equation based modeling is highly dependent on the
boundary conditions, experimentally determined electrochemical kinetics as boundary
conditions can truly reflect the electrochemical response of anode/cathode to the
surrounding solution environment, which in turn yields the simulated results mostly
close to experimental measurement.
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3. Electrolyte Film Thickness Effect on the Cathodic Current Availability in
Galvanic Couple
Summary:
There have been a number of corrosion modeling work in which electrochemical kinetics
in full immersion were used as boundary conditions, which cannot fully capture the characteristics
of atmospheric corrosion, especially the one under a thin layer of electrolyte. It is well known that
natural convection boundary layer exists when the solution stays in quiescent condition, however,
the exact value of this natural convection layer is vague in literature, and transition of corrosion
distributions in a galvanic coupling from a full immersion condition into true thin film condition
by taking into account natural convection remains as a knowledge gap, let alone the ohmic drop
introduced by thin film electrolyte between the anode and the cathode in the galvanic coupling.
This chapter is aimed to determine the critical value of electrolyte layer thickness below which full
immersion condition transitions into thin film conditions, and parse the dependence of cathodic
current capacity of SS cathode to support AA7050 anode corrode on electrolyte film thickness,
electrolyte resistance and cathode-to-anode ratio in thin film condition.
The work presented in this chapter has been reported in the following publication:
C. Liu, J. Srinivasan, and R.G. Kelly, “Editors' Choice—Electrolyte Film Thickness
Effects on the Cathodic Current Availability in a Galvanic Couple”. Journal of the
Electrochemical Society, 164 (2017): p.C845-C855.
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3.1

Abstract
A combined modeling and experimental study was performed to understand the

dependence of the cathodic current delivery capacity on the electrolyte film thickness and cathode
size in a galvanic couple. The appropriate cathodic kinetics for the modeling were generated by
use of a rotating disk electrode to simulate the electrolyte film thickness. These results provided
boundary conditions for a finite element model which calculated the potential distribution along a
metallic surface and the associated cathodic current supplied for electrolyte layers of varying
thickness. The total cathodic current was then calculated through integration of the current density
across the surface. Electrolyte layer domains were delineated by three limits which described, in
order of decreasing film thickness, i) transition in exposure condition from full immersion to thick
film, ii) the hydrodynamic boundary layer due to natural convection which defined the upper limit
of the thin film regime, and iii) the relative dominance of ohmic resistance over mass transport in
determining the total current output. This study also showed that for sufficiently thin films, this
total current was independent of the size of the cathode and the nature of kinetics at the
electrochemical interface, being solely driven by the ohmic resistance in solution.
3.2

Hypothesis:
The cathodic current availability from the SS316L cathode should be a function of

electrolyte layer thickness and cathode length. Electrolyte layer thickness affects ORR cathodic
kinetics and electrolyte ohmic resistance, and cathode length only affects ohmic resistance. There
should be a critical electrolyte layer thickness and cathode length existed beyond which cathodic
current availability would be a monotonic function of ohmic resistance.
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3.3

Introduction
Dissimilar engineering alloys in close proximity and in electrical contact are frequently

encountered in the architecture of high-value structural assets in the transportation, aerospace, and
marine industries. In service, these structures are often exposed to atmospheric environments, such
as sea spray, that result in the formation of a thin electrolyte layer on the surface sufficient to allow
the dissimilar alloys to form galvanic couples. Under atmospheric conditions, the electrolyte can
also form via deliquescence of salt as either a droplet or a thin film on the alloy surface, leading to
the establishment of a corrosion cell. The extent of galvanic corrosion on the anode that results
depends on a number of environmental, physicochemical, and geometric variables, which include
relative humidity, temperature, electrolyte conductivity, electrolyte film thickness, in addition to
the electrochemical kinetics on the alloy surface. 1–7. Different exposure conditions can be modeled
by varying the thickness of the electrolyte film (also termed the water layer, WL), which in turn
affects solution resistance as well as cathodic kinetics, thus having a direct effect on the total
cathodic current available to support corrosion of the galvanic system.
The effects of the electrolyte film thickness on corrosion rate were recognized initially by
Tomashov,2 who qualitatively identified four regions of WL corresponding to different types of
reaction control. As film thickness decreased, a transition from a plateau in corrosion rate when a
constant diffusion layer was attained (conditions of full immersion) to cathodically controlled
corrosion limited by diffusion of dissolved oxygen to the reaction surface (the corrosion rate
increased as film thickness decreased under this condition, governed by Fickian mass transport
behavior), before transitioning into reduced dissolution (termed anodic control) owing to lower
corrosion product solubility in a smaller solution volume. Finally, an extreme region was reached
which had the very low corrosion rate of dry chemical oxidation due to the lack of a continuous
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film. While useful conceptually, this outline lacked any quantitative, mechanistic description or
validation of the relationship between electrochemical kinetics and the film thickness. Attempts to
develop a rigorous study of this dependence have since been made by a number of researchers8–22.
Nishikata et al.14,15, in their experimental studies on the oxygen reduction reaction (ORR) cathodic
kinetics of both iron and platinum under an electrolyte thin film, observed a one-dimensional,
Fickian relationship between the limiting current density for ORR and the film thickness over the
range 20 µm to 1 mm. This study posited that a critical electrolyte thickness exists in the vicinity
of 1 mm. For films thicker than this critical value, the limiting current density would be constant,
no longer obeying the inverse relationship of Fickian diffusion. This critical value thus denoted
the minimum thickness at which the boundary layer established by natural convection dictates
mass transport. Experimental work by Stratmann et al.10–12 and Frankel et al.16 concurred regarding
the presence of such a critical film thickness between 500 µm to 1 mm. However, the exact value
for this critical water layer thickness for natural convection is still unknown.
Recently there have been modeling studies18–24 that have focused on corrosion under an
electrolyte thin film instead of full immersion. Dolgikh et al.24 performed a combined experimental
and modeling study which incorporated the idea that convective flux could be expressed in terms
of an analogous diffusion term25. They proposed that the critical water layer thickness for natural
convection is on the order of 250 µm which is in line with the suggestion of Gileadi26. It should be
noted that the geometry used in that work consisted of a band electrode 1mm x 10 mm, resulting
in 2D diffusion which would inherently lead to higher currents and thus lower estimates for the
natural convection layer (termed the “micro-convection layer” by Dolgikh et al.24).
Galvanic corrosion under a thin film electrolyte is modulated by the WL thickness due to
the impact of WL on both diffusional kinetics at the cathode and ohmic drop in solution between
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the anode and cathode. Both of these aspects can affect the total amount of cathodic current
available to drive dissolution at the anode. However, work to date has focused primarily on either
one or the other of these two effects, which may often be synergistic. For instance, King et al.23
investigated the effect of electrolyte layer thickness on the galvanic throwing power for a Mg-rich
primer/AA2024-T351 couple, wherein an increase in electrolyte layer thickness was observed to
lead to a smaller ohmic drop in solution and consequently a smaller potential difference between
the anode and cathode sites. The effect of film thickness on mass transport-limited kinetics was
not addressed in this study because in the potential range considered, as the cathodic kinetics
accessible to the galvanic couple were in the activation-controlled region. Kelly and coworkers27,28
utilized a charge conservation-based argument to develop a model that permitted the numerical
computation of the maximum current delivery capacity of a finite cathode under a thin electrolyte
film as part of a model used to predict the maximum pit size that could form. The ohmic drop in
solution delineated the potential gradient across the cathode, which in combination with kinetics
information from experiment would then provide the total current available to support corrosion
on the coupled anode (i.e., the pit). The dependence of the current on the electrolyte film as a
consequence of changes in relative humidity, loading density, and solution concentration was
discussed. The experimental kinetics data used in this study were measured in full-immersion
experiments and the value of the limiting current density in the simulations was modified assuming
that the diffusion layer thickness was equal to the WL (all of which were below 1 mm). No studies
have investigated the total cathodic current that a surface can supply over the range of WL spanning
from thin films to full immersion.
The rotating disk electrode (RDE) technique provides a means to investigate the effects of
WL thickness on the electrochemical kinetics under thin electrolytes. It utilizes hydrodynamic
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forces to create a constant diffusional boundary layer near the electrode surface. Thus, the rotation
rate can be used to define a diffusional boundary layer thickness to represent the effect of the WL
thickness on the diffusion of oxygen. This quantitative control of the diffusional boundary layer
avoids some of the difficulties inherent in making electrochemical measurements in thin
electrolyte layers14,29. Panali et al.21 used electrochemical kinetics of both AA2024 and CFRP
generated with RDE as boundary conditions in their modeling of galvanic corrosion between
AA2024 and CFRP under a thin layer of electrolyte with varying thickness. In the present study,
the RDE was utilized to achieve two goals: RDE testing on Pt was used to determine the critical
water layer thickness beyond which natural convection controls the diffusional boundary layer;
RDE testing of SS 316L after different periods at OCP was used to determine the effects of both
water layer thickness and oxide film on cathodic limiting current density.
The galvanic couple between stainless steel (SS) Type 316L cathode and the aluminum
alloy (AA) 7050-T7451 anode (hereafter referred to AA|SS) formed the central focus of this study
due to its widespread occurrence in aerospace repairs. This chapter quantitatively determines and
mechanistically interprets the effects of electrolyte film thickness on the total cathodic current
available to support galvanic corrosion. The results of this study identify the exposure conditions
under which the total cathodic current can be the controlling factor in the extent and distribution
of dissolution on the anode.
3.4

Methodology

3.4.1 Sample Preparation
The cathode sample used in the study was a rotating disk electrode (RDE) constructed from
a cylinder of Type 316L stainless steel (McMaster-Carr Supply Company, Elmhurst, IL) of
diameter 0.5 inches (1.27 cm) (embedded in a PTFE holder with an internal electrical contact)
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which resulted in an area of 1.27 cm2 exposed to the electrolyte. The anode samples – AA7050T7451 (ALCOA, Pittsburgh, PA) – consisted of rectangular coupons of exposed area 1 cm2.
Experiments were also performed on a platinum rotating disk electrode (Pine Research
Instrumentation, Inc., Durham, NC) of diameter 0.5 cm (exposed area 0.2 cm2). The compositions
of 316L and AA7075-T7451 are listed in Table 3.1 and Table 3.2 respectively. All samples were
ground to a surface finish of 1200 grit with SiC paper. After grinding, the cathode surface was
examined with an optical microscope to ensure that it was flush with the PTFE holder. The
electrode surfaces were finally rinsed thoroughly with acetone and then with deionized water
before use in the experiment.

Table 3.1: Composition of the SS316L disk used (all values in weight percent)
C
0.019

Mn
1.750

P
0.039

S
0.028

Si
0.460

Cr
17.03

Ni
10.160

Mo
2.050

N
0.071

Cu
0.440

Fe
Balance

Table 3.2: Composition of the AA7050-T7451 used (all values in weight percent)
Si
0.12

Fe
0.15

Cu
2.6

Mn
0.1

Mg
2.6

Cr
0.04

Zn
6.7

Ti
0.06

Zr
0.15

Al
Balance

3.4.2 Electrochemical Kinetics
Cathodic kinetics were determined in a three-electrode electrochemical cell set up with the
stainless steel or platinum RDE as the working electrode actuated by a Pine Instruments ASR
rotator (Pine Research Instrumentation, Inc., Durham, NC), saturated calomel reference electrode
(SCE) and a platinum-niobium mesh as the counter electrode. The experiments were performed
at a scan rate of 1 mV/s with the RDE at various rotation speeds ranging from 0 to 2000rpm.
Following 15 minutes of open circuit potential (OCP) measurement, the potential scan started
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10mV above OCP, and ended at -1.6 VSCE for Pt and -1.2 VSCE for 316L. The current at a reference
potential of −0.75 VSCE was used to assess the relationship between cathodic limiting current
density due to ORR and electrolyte layer thickness (𝛿) on each of Pt, and a reference potential of
-0.85 VSCE was used for the 316L polarization curves.
Electrochemical kinetics of AA7050 were measured by recording potentiodynamic
polarization data of the coupons as working electrodes with a saturated calomel reference electrode
(SCE) and a platinum-niobium mesh counter electrode. The experiments were performed with the
exposed surface of the coupon fully immersed in quiescent solution after 1 hour at OCP, scanning
at a rate of 0.2 mV/s from -1.55 VSCE to -0.7 VSCE.
All measurements were recorded in unbuffered 0.6 M NaCl. All experiments were
performed on a Bio-Logic SP-200 (Bio-Logic SAS, Claix, France) potentiostat running EC-Lab
(Version 11.01) software. The kinetics for the AA7050 were characterized quantitatively for the
model via the Tafel fitting module of the anodic slope using the EC-lab software. The slope of the
fitted curves was 23 mV/decade. Although active localized corrosion precludes any mechanistic
interpretation of the slope, for determination of the current and potential distributions, such
mechanistic information is not required. All that is required is the empirical relationship between
potential and current density.
3.4.3 Finite Element Method (FEM) Modeling
The modeling framework is based on Laplace’s Equation30,31, and the elaborated
mathematical development of the modeling framework used has been described elsewhere32,33.
COMSOL Multiphysics v5.3 (COMSOL, Inc., Burlington, MA) software was used for two types
of modeling work in this study. In this first type, the potential and current distributions along a
316L cathode coupled galvanically with AA7050-T7451 were modeled using a simplified two-
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dimensional geometry which represented the cross-section of the couple under a layer of
electrolyte, as depicted in Figure 3.1. The anode-to-cathode area ratio of the system was varied by
changing the length of the cathode with the anode length kept constant. The width of both
electrodes was considered identical, obviating the necessity for a three-dimensional model. For the
major modeling study in which cathodic current availability was the focus, the anode length was
fixed at 1 cm, and the range of cathode lengths considered in this study varied from 1 cm to 40 cm,
corresponding to an area ratio of 1:1 to 1:40, respectively. The thickness of the electrolyte film
was varied across four orders of magnitude from 13.8 µm to 5 cm in order to provide a sufficiently
wide range to capture exposure conditions representative of thin film and full immersion at either
limit. The second type of modeling was carried out to investigate the effect of area ratio of anode
to cathode, in which cathode length was fixed at 10cm with constant WL=1mm on the surface, and
the area ratio of anode to cathode varied from 0.1 to 10. Simulations using the model geometry
were run to convergence such that differences in calculations from consecutive iterations were less
than the error tolerance limit of 0.1%.

Figure 3.1: Schematic configuration of the interaction between thin film electrolyte and galvanic
couple (316L cathode with AA7050 anode in this study). Width of anode/cathode is normal to xy plane.
The model results shown here are based on the use of the Laplace equation as the governing
equation rather than implementing the full Nernst-Planck equation with consideration of ion-ion
interactions. The latter is extraordinarily computationally expensive, and for the goals of this work,
unnecessary. The Laplace approach provided a straightforward framework to calculate the spatial
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distribution of electrochemical variables on the cathode surface, relying instead on the knowledge
of the physicochemical characteristics of the electrolyte such as the conductivity estimated from
thermodynamic solution modeling31. The value used for κ throughout this study was that of 0.6 M
NaCl, 5.5 S/m. Boundary conditions (B.C.) were anodic kinetics of AA7050 (anodic B.C.) and
cathodic kinetics of SS 316L (cathodic B.C.). All the calculations assumed steady state.
The absolute value of the total cathodic current per unit width (IC/W) from a surface
surrounding a finite anode under thin film conditions is dependent on the WL thickness, solution
conductivity ( ), cathodic and anodic kinetics, and length of cathode (LC). WL thickness and 
affect the ohmic resistance of the electrolyte per unit length of cathode, WL thickness and kinetics
control the current-potential behavior of the galvanic couple, and LC fixes the maximum cathode
length available for current supply. The WL thickness is a function of both loading density (LD =
amount of salt deposited per unit area), and the relative humidity (RH). The calculations of
cathodic current availability were performed for electrolyte properties corresponding to 0.6 M
NaCl, which would be in equilibrium with a RH of 98% at 25 °C as representative of atmospheric
exposure conditions. Different WL thicknesses modeled in the study therefore correspond to
different amounts of NaCl deposited on the metal surface. Furthermore, a constant RH values fixes
the equilibrium concentration of salt thus decoupling  from its dependence on varying WL
thickness.
3.5

Results
The total cathodic current available to support galvanic corrosion across different cathode

lengths under varying WL thicknesses was computed from the solution of the Laplace equation for
the model geometry with the boundary conditions described previously. The experimental RDE
cathodic kinetics data were analyzed to extract the value of the boundary layer thickness due to
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natural convection as well as identify any effects on the diffusion limited current density due to
the presence of a native oxide film. In order to evaluate the effects of both mass transport-limited
kinetics as well as the ohmic resistance in solution on the total current delivery capacity of the
finite cathode, the simulated data were assessed in terms of the total cathodic current output versus
the electrolyte film thickness for a range of cathode lengths.
3.5.1 Determination of Critical Electrolyte Layer Thickness for Natural Convection
The RDE technique provides an experimental methodology to study the effect of varying
the thickness of the diffusional boundary layer on kinetics. The Levich Equation34 quantitatively
describes the convective motion at a RDE, utilizing hydrodynamic forces to control the boundary
layer thickness, which is related to the angular velocity of rotation as shown in Equation 3.1:
 = 1.61D1/3 1/6 (

2
rpm ) −1/ 2
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(3.1)

where 𝛿 is the thickness of hydrodynamic boundary layer or diffusional layer, D is the diffusivity
of dissolved oxygen at 25°C (D=2.1E-9 m2/s, calculated by OLI Analyzer Studio 9.2), ν is the
kinematic viscosity of 0.6M NaCl solution (𝜐=9.2E-7 m2/s, calculated by OLI Analyzer Studio
9.2), and rpm is the rotation speed of the RDE. 𝛿 can be obtained for corresponding rotation speed
by using Equation 3.1(e.g., 0, 10, 50, 200, 720, and 2000 rpm represent full immersion, and 𝛿 equal
to 200 µm, 89 µm, 44.5 µm, 23.5 µm, and 13.8 µm, respectively). Figure 3.2 shows cathodic
polarization curves of Pt RDE in 0.6 M NaCl as a function of rotation speed. According to the
expression of the steady state, one-dimensional diffusion limited current density,

ilim =

nFDO2 (CO2 ,bulk − CO2 ,electrode _ surface )

(3.2)



the limiting current density is inversely proportional to 𝛿. However, the diffusional layer thickness
cannot continue to increase without bound, because at some thickness, natural convection

14

will
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cause mixing and thus terminate the concentration gradient. Otherwise, there would be zero current
at steady state in full immersion because 𝛿 would go to infinity if it were not bounded.

Figure 3.2: Polarization curves of Pt RDE as a function of rotation speed (rpm).
Figure 3.3a shows the Levich plot for the Pt RDE experiments. The value of ilim measured
under quiescent conditions in full immersion (i.e., 0 rpm, referred to as ilim,nc) can be used in
conjunction with the RDE data to determine the location of critical electrolyte layer thickness for
natural convection (𝛿nc). The intersection of the ilim,nc with the line describing the Levich equation
(see Figure 3.3b) identifies the natural convection boundary layer for the bulk electrolyte in full
immersion condition. It is the lowest diffusion limited current density predicted, indicating that no
diffusion layer larger than 𝛿nc was obtainable. From these experiments, the critical electrolyte
layer thickness for natural convection (𝛿nc) in terms of dissolved oxygen was found to be equal to
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797≈800 µm. It is also implied that 𝛿 is equal to the WL thickness as long as WL is less than or
equal to 𝛿nc.

(a)

(b)

Figure 3.3: (a) Limiting current density (ilim) at -0.75 VSCE vs 1/𝛿; (b) Zoom-in of thick WL regime
to exhibit critical natural convection electrolyte layer thickness (𝛿nc). Blue dash line represents the
value for cathodic limiting current density of Pt in full immersion condition.
3.5.2 Electrochemical Kinetics of SS 316L and AA7050-T7451
Polarization curves of SS 316L using the RDE are displayed as a function of rotation speed
from 0 to 2000 rpm in Figure 3.4. The cathodic limiting current density on 316L increased with
increasing rotation speed, showing the same tendency as the Pt RDE data. Figure 3.5 compares the
Levich plots for the Pt (ilim at -0.75 VSCE) and 316L (ilim at -0.85 VSCE) data. For 𝛿 thicker than
36.4 µm, the limiting current densities for 316L were almost identical with those for Pt. For
thinner 𝛿 , there was discrepancy between limiting current densities for Pt and 316L, and the
discrepancy became larger as the boundary layer continued to decrease. This might imply the effect
of oxide film become significant under very thin electrolyte thickness, but the mechanism behind
it is out of research scope in this work and will be elaborated later.
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Anodic electrochemical kinetics of AA7050 were measured under full immersion and are
displayed in Figure 3.6, with Tafel fits to the anodic branches of AA7050 shown in the same figure.
AA7050 had fairly flat anodic kinetics with the anodic pseudo-Tafel slope of 23 mV/decade,
indicating the low polarizability of an active localized corrosion.

Figure 3.4: Polarization curves of 316L as a function of rotation speed.

Figure 3.5: Comparison of ilim vs. 1/WL between Pt and 316L.
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Figure 3.6: Tafel-fitting for anodic kinetics of both AA7050-T7451
3.5.3 Effect of Area Ratio of Anode to Cathode on Total Cathodic Current
The majority of the modeling results for the galvanic couple between AA7050 and SS316L
used a fixed length of the anode (AA). However, it is of importance to demonstrate the application
of this modeling study is not applicable only to the length of anode used here (i.e., 1 cm), but rather
is applicable as long as the anodic materials has electrochemical kinetics with limited polarizability
and the galvanic coupling potential for a 1:1 cathode: anode area ratio is located in the region of
diffusion controlled cathodic kinetics. Under these conditions, the variation in area ratio has a
negligible effect on total cathodic current per width. An example for a WL of 1mm is shown in
Figure 3.7, in which a fixed length of cathode (SS) equal to 1 cm was coupled with different lengths
of anode (AA). It is clearly seen that total cathodic current per unit width was invariant to the
change in the length of anode over an area ratio range of at least 0.1 to 10. Although varying the
exposure area of anode changed the potential at the SS/AA interface slightly, it was still located in
the diffusion-controlled kinetics region of 316L, so the current was almost a constant in this
scenario due to fixed length (surface area) of 316L (cathode). The almost non-polarizable
electrochemical kinetics of AA7050 led to only a subtle change of the galvanic couple potential
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when varying the area ratio. As a result of these two effects, the total cathodic current per length
of SS316L was a constant regardless of the length of the coupled AA7050.

Figure 3.7: IC/W vs. area ratio of anode to cathode for AA/SS galvanic couple, assuming fixed
length of anode when WL=1 mm
3.5.4 Ic/W on SS 316L Coupled with AA7050 versus WL as a Function of Lc
In this section, results from studies of a galvanic couple between AA7050 with fixed length
(1 cm) and 316L with length ranging from 1 to 40 cm are described. In addition to the
experimentally determined cathodic kinetics, simulated cathodic kinetics with an equivalent WL
of 400 m was created, as the minimum rotation speed available experimentally was 10 rpm, which
implies that the maximum equivalent was 200 m. The boundary conditions are shown in Figure
3.8.
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Figure 3.8: Boundary conditions for modeling between AA/SS galvanic couple under different 𝛿.

The total cathodic currents per width (IC/W) for a 316L cathode versus WL as a function of
the length of cathode (LC) are plotted in Figure 3.9. The linear scale of Figure 3.9a shows that the
IC/W became a constant after a critical WL for each LC, and this constant total current increased
with LC. A semi-log scale plot allows better inspection of the Ic/W in the thin electrolyte layer (<1
mm) region, shown in Figure 3.9b. For short LC (<9.25 cm), the Ic/W initially increased with WL,
then decreased to an intermediate minimum at nc =800 µm before reaching a plateau. For a
cathode length of 9.25 cm, IC/W grew before reaching a first plateau with WL from 400 µm to 800
µm, and then again increased with WL until reaching a second plateau. For cathode lengths larger
than 9.25 cm, the total IC/W did not have an intermediate minimum, instead it increased with
increasing WL until reaching a plateau albeit with an inflection point at 800 µm. Figure 3.9c shows
that for sufficiently thick WL (5 cm), there was a linear relationship between IC/W and LC, the
criterion for considering a galvanic couple to be under full immersion conditions. The IC/W over a
range of WL smaller than 1mm for four cases in which cathode length is equal to 1, 5, 9.25, and
10 cm is displayed in Figure 3.10, showing the existence of this intermediate minimum for LC less
than 9.25 cm.
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(a)

(b)

(c)
Figure 3.9: (a) IC/W vs. WL as a function of cathode length (LC) in linear scale; (b) IC/W vs. WL
as a function of LC in semi-logarithm scale; (c) IC/W vs. LC as a function of WL.
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(a)

(b)

(c)
(d)
Figure 3.10: IC/W over a range of WL≤ 1 mm for LC=: (a) 1 cm; (b) 5 cm; (c) 9.25 cm; (d): 10
cm.
3.6

Discussions
This work presents the results of a finite-element based modeling approach to understand

the effects of electrolyte layer thickness (WL) on galvanic corrosion between AA7050-T7451 and
SS 316L with different area ratios in thin film electrolyte conditions, as might be expected during
atmospheric exposure of many structures. The critical question of when an electrolyte layer can
be treated as a thin film, a thick film and full immersion is addressed. The first section describes
the experimental determination of the thickness of the natural convection layer, nc, which defines
the WL thickness above which the diffusion-limited current density becomes independent of WL
thickness. It can also be considered the WL thickness below which true thin film electrolyte
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conditions occur. The second section describes the dependence of the total cathodic current from
a surface exposed to an electrolyte film available to drive galvanic corrosion. The dependences of
this total current on WL thickness and cathode length are quantified and rationalized. The effects
of WL thickness can be viewed as a competition between the ohmic resistance of the electrolyte
and diffusion-controlled cathodic kinetics of the cathode as will be discussed in detailing in the
following section. The results as a function of cathode length can be parsed into two categories
according which parameter controls the available cathodic current capacity. Both modeling and
experiment data in literature are also compared to validate our simulated results. The logarithmic
relationship between the WL thickness and the total cathode current is shown to be independent of
cathode length under thin film conditions. There also exists an ohmic-resistance affected thin film
condition above which true full immersions are realized in that the total cathode current scales
linearly with the size of the cathode. Finally, the implications of the work as well as its limitations
are discussed.
3.6.1 Determination of the Thickness of the Natural Convection Layer
Natural (or free) convection is the spontaneous fluid flow created by density gradients26,35.
In the present case, this flow prevents the oxygen concentration gradient from extending to large
distances away from the electrode. The most obvious manifestation of the presence of a natural
convection layer is the presence of a non-zero diffusion-limited current density at steady state
under quiescent conditions, as illustrated in Figure 3.2 and Figure 3.4 for the 0 rpm case of ORR
on Pt and 316L, respectively. In the absence of natural convection, the diffusion boundary layer
would continuously increase with time, lowering the diffusion-limited current density
continuously as well. Instead, a well-defined, diffusion-limited current for oxygen reduction is
found of approximately 22 A/cm2. Either through the use of Equation 3.2, or the construction of
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the intersection of the lines in Figure 3.3, a natural convection boundary layer of approximately
800 µm is observed for the system studied here. Although natural convection in electrochemical
systems has been discussed in texts26,35, there has been a limited amount of experimental work
aimed at determining the actual thickness of this layer. The literature2,14,16,22,29,36 cites values of

nc from 250 µm to 1 mm. Tomashov2 estimated that thin film conditions could be considered to
apply for WL < 1 mm. Amatore et al.25 described a micro-convection approach in which a
diffusion-like term was used to account for natural convection. They estimated a nc of 230 µm,
which Dolgikh et al.24 also used in their extension of this approach from consideration of a single
species to multi-ion environments. This value is also similar to that stated in Gileadi’s text 26. The
present work describes both a rigorous experimental method for measurement of nc and data
demonstrating its use. It should be noted that different systems (i.e., electrolytes, temperatures,
diffusing species, geometries) may have other values of the natural convection layer, but the
method used in this work provides a means to determine the value unambiguously, even without
specific knowledge of the diffusivity and kinematic viscosity (as needed in Equation 3.2).
3.6.2 Different Regimes of Dependence of Cathodic Current on Film Thickness are Clearly
Distinguishable
Based on LC, distinct regimes arise that delineate the dependence of cathode current on
film thickness. The potential along the cathode rose from that at the AA/SS interface towards the
open circuit potential of the cathode (SS). The extent of potential rise and its distribution is
determined by the ohmic drop in solution along the cathode. This ohmic drop is determined by
the WL thickness, the current/potential relationship and the cathode length. The net effects of these
variables are the existence of four regimes of behavior for WL, with the particulars of the regimes
depending on the cathode length
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3.6.2.1 Lc<9.25cm
In the small cathode-to-anode area ratio region, the total cathodic current available
exhibited four distinct WL thickness regimes. This behavior is illustrated using the results for the
5 cm long cathode (Figure 3.11).

(a)
(b)
Figure 3.11: (a) Four different regimes in Ic/W vs. WL; (b) Corresponding percentage of length
of cathode within mass-transfer limited (ORR) kinetics in each of four regimes. Note that
percentage of length of cathode within M-T limited kinetics means that electrochemical kinetics
thrown upon this part of cathode is mass-transfer controlled, the rest of the cathode is under either
activation or mixed control.
Regime 1 –WL≥4 mm: For the large WL thicknesses in this regime, the couple was
essentially under full immersion conditions, and the ohmic drop across the entire cathode was
negligible. Thus, the two electrodes were not polarized appreciably from the coupling potential
predicted from Mixed Potential Theory ignoring ohmic drop taking into account the cathode-toanode area ratio. Consequently, the cathodic current density at all points is equal to the coupling
current density (for the AA/SS couple, this is the mass transport-limited cathodic current density
when WL =800 µm) and IC is simply ilim·LC. As shown in Figure 3.9c, the total cathode current
scales linearly with LC. In this regime, the system behaves as if it is fully immersed in the
electrolyte.

77

Regime 2 – δnc (800 µm) ≤ WL < 4 mm: The role of the ohmic drop in this second regime
was small, but not completely negligible, causing only minor polarization from the coupling
potential. Moreover, polarization of the cathode away from the coupling potential resulted in a
current density still in the mass transfer-limited region shown in Figure 3.11b. Therefore, the Ic/W
available was only marginally smaller than that available under very thick WL conditions (Regime
1). Kinetics data generated in quiescent full immersion conditions informed the calculation of the
potential distribution and the cathodic current density at each point on the cathode. The diffusion
distance controlling the cathodic kinetics in this regime was the hydrodynamic boundary layer
associated with natural convection (δnc). The value of δnc will determine at what WL thickness the
transition occurs, but will not qualitatively affect the existence of such behavior. It should be noted
that the more noble portion of the potential range associated with mass transfer limitation is, in
fact, mixed activation/diffusion control, so the current density is slightly lower than the limiting
current density, especially for longer cathodes. A decrease in total cathodic current can be resulted
if the potential range associated with mass transport control is narrow, and consequently even a
low ohmic drop can result in the sufficiently distant points on the cathode displaying kinetics
associated with the mixed activation/diffusion-limited region.
Regime 3 – 400 µm ≤ WL < δnc: In Regime 3, the diffusion distance controlling the
cathodic kinetics was the water layer thickness (WL) itself. Calculations of the cathodic current
density in this regime used kinetic information obtained from RDE studies in which decreasing
WL thickness was simulated by the increasing the rotation speed of the RDE to reduce the
diffusional boundary layer in a calculable manner. Although the effect of ohmic resistance was
still significant, it did not become the dominant factor controlling the relationship between Ic/W
and WL as long as the percentage of the cathode length under mass-transfer (M-T) limited kinetics
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was above 50%, as illustrated in Figure 3.11b. As a result, the total cathodic current showed a
sharp rise with decreasing WL thickness because of the inverse relationship between the cathodic
limiting current density and the WL thickness.
Regime 4 – WL < 400 µm: At sufficiently thin WL thicknesses, the ohmic drop was
substantial, with less than 10% of length of cathode within the M-T limited kinetics portion of the
polarization in this regime (see Figure 3.11b). The vast majority of the cathode experienced
potentials in the mixed or activation region of the polarization curve. A precipitous drop in the
total cathodic current occurred at smaller WL thicknesses. If WL was sufficiently small, the ohmic
drop would be so large such that every point on the cathode would be at its OCP and there would
be no net current to the anode. Under the conditions studied here, even a 13.8 µm WL allowed
some interaction between the cathode and anode, as demonstrated by a non-zero value of IC/W.
To better understand the competitive nature of relationship between ohmic drop and M-T
limited kinetics on IC/W in thin electrolytes, Figure 3.12 compares the result in Figure 3.11a with
IC/W vs. WL affected by either only ohmic drop or only M-T limited kinetics. To do so, the ability
of computational studies to isolate individual parameters was exploited by performing one set of
calculations in which the M-T kinetics were made very rapid, allowing the effects of WL on ohmic
drop (and IC/W) alone to be studied, and performing another set of calculations in which the ohmic
drop was maintained at a low level, allowing the effects of WL on M-T (and IC/W) alone to be
studied. The circular symbols are the results for ohmic drop control, whereas the triangles are the
results for the M-T limited kinetics control. The line with the circular symbols assumed that the
cathodic kinetics for WL=13.8 µm applied to the calculation of IC/W for all WL cases, and thus
changing the thickness of electrolyte layer only varied the amount of ohmic drop. As for the line
with triangle symbols, it was assumed that the WL during the simulation was equal to 800 µm to
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fix the ohmic resistance, and the M-T limited kinetics was varied to test the effects of the diffusion
layer alone.

Figure 3.12: Comparison of IC/W vs. WL among three different scenarios: Ic/W affected by (1)
both ohmic drop and M-T limited kinetics; (2) by ohmic drop only; (3) by M-T limited kinetics.
As shown in Figure 3.12, as the WL thickness increased, the ohmic drop decreased linearly,
and thus the total cathodic current increased linearly. Conversely, the M-T controlled current
decreased with increasing WL thickness as the increasing boundary layer increased the diffusion
distance until the natural convection WL thickness was achieved. For WL thickness larger than δnc,
the current did not change as the current density was limited by δnc.
The behavior of the combined system (illustrated by the squares) can be understood by
noting that the ohmic and M-T processes occur in series. At low WL thickness, the current was
controlled by the ohmic drop; the M-T limited kinetics at these WL thicknesses was very high and
would thus allow much larger currents, then those allowed by the ohmic drop limitation. At large
WL thicknesses, the current was controlled by the M-T kinetics. In the intermediate region, both
processes were important and their resistances effectively added, suppressing the current to values
below either limiting behavior.

80

As the length of the cathode increased, the total current in Regimes 1 and 2 increased due
to the larger area. The ohmically-controlled Regime 4 was unchanged with increasing cathode
length as for these small WL, only the small portion of the cathode nearest the anode/cathode
interface contributed current. Regime 3, in which the transition from ohmic to M-T control
occurred, also shrank until it disappeared as the Lc increased to the critical value=9.25 cm.
3.6.2.2 Critical Lc=9.25cm
The results for LC of 9.25 cm also show 4 different regimes in Figure 3.13 like what are
shown in Figure 3.11 for the shorter cathodes. The dominant factors controlling the patterns in
Regime 1’ (WL≥ 8 mm) and Regime 2’ (δnc ≤ WL< 8 mm) were the same as Regime 1 and 2 for
smaller cathode scenario in Figure 3.11, respectively. However, there was a difference between
Regime 3’ (Figure 3.13) and Regime 3 (Figure 3.11) within the same range of WL ((400 µm ≤
WL< δnc). For Regime 3’, although the M-T limited cathodic kinetics at a WL thickness of 400 µm
was twice as large as at a WL thickness of 800 µm, these faster cathodic kinetics covered only
about 20% of the length of cathode for WL=400 µm compared to 60% of the length covered by
smaller kinetics for WL=800 µm. Thus, the effect of the larger ohmic resistance of the smaller WL
(400 µm) nulled the effects of enhanced M-T limited cathodic kinetics at the same WL. As a result,
Ic/W at WL=400 µm was identical to WL=800 µm in Regime 3’, which did not show the same
pattern in Regime 3. Regime 4’ was identical to Regime 4 (Figure 3.11) for the case of smaller
cathode which has been discussed above.
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(a)
(b)
Figure 3.13: (a) Four different regimes in IC/W vs. WL; (b) Corresponding percentage of length
of cathode within mass-transfer limited (ORR) kinetics in each of four regimes.
3.6.2.3 Lc>9.25cm
For large cathodes, four regimes were observed, but some were qualitatively different than
observed for shorter cathodes. Results from a cathode length of 40cm are shown in Figure 3.14.
Regime 1” (WL≥3.2 cm) was similar to Regime 1 in Figure 3.11 and Regime 1’ in Figure 3.13,
and Regime 2” (2 cm ≤ WL< 3.2 cm) is similar to Regime 2 in Figure 3.11and 2’ in Figure 3.13,
in which potential range across the entire cathode length was within M-T limited region (as
demonstrated in Figure 3.14b), but the average cathodic current density was closer to the value at
the beginning of mass-transfer limited region, making Ic/W slightly smaller. In Regime 3” (δnc ≤
WL< 2 cm), the dominant controlling factor was the same as Regime 2”, except that the percentage
of LC within M-T limited kinetics was reduced with decreased WL, causing the rate of decrease in
IC/W with deceasing WL to be larger than in Regime 2”. Regime 4” (WL ≤ δnc) was similar to
Regime 4 (Figure 3.11) and 4’ (Figure 3.13) as the ohmic drop was so dominant, that cathode
length was irrelevant.
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(a)
(b)
Figure 3.14: (a) Three different regimes in Ic/W vs. WL; (b) Corresponding percentage of length
of cathode within mass-transfer limited (ORR) kinetics in each of two regimes.
3.6.3 The Linear Dependence of Total Current on the Logarithm of the WL Thickness for
Small WL and Its Independence of Cathode Length
As shown in Figure 3.9b, the data of total cathodic current versus the logarithm of WL
thickness for very thin films fit a straight line with a slope that was independent of cathode length
over this range of WL thicknesses. The WL range across which this linear dependence was observed
expands when more cathode was available, reaching nearly the value of the boundary layer for
natural convection (δnc) for the largest cathode length studied. Similar trends have been reported
from experiment as well as modeling8,21,37. The particular values of the slope and the intercept for
this linear fit vary from study to study as the quantitative parameters are determined by the specific
kinetics considered. For instance, Palani et al.21 considered ORR kinetics on carbon fiber
reinforced polymer in contrast to this work on 316L stainless steel. This linear relationship between
Icath and log WL was also present across similar film thicknesses in the work of McCafferty data37
as well as the finite element modeling study by Morris and Smyrl8 ; however, the polarization
parameters considered in those studies were extracted in the linear limit of kinetics near the open
circuit potential. This analysis therefore yields another important insight; the nature of the kinetics
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itself does not affect the observation of a linear relationship between total cathodic current and
logarithm of the WL thickness across a certain range of WL thicknesses lower than the boundary
layer for natural convection (δnc). However, the particular numerical values that the slope and the
intercept of the linear fit assume are dependent on the specific polarization kinetics chosen.

Figure 3.15: Comparisons of cathodic current density (absolute value) distributions along the
length of cathode for the length of cathode=5, 10, 20, 40 cm for a WL = 89 um.
In order to justify the independence of IC/W on LC for a limited range of WL, comparisons
of current density distributions along the length of cathode for cathodes ranging from 5 to 40 cm
when WL=89 µm was presented in Figure 3.15. Cathodic current densities were highest and stayed
as a constant along the first 3 mm of the cathode from the interface because this region on all of
the cathodes was under M-T controlled kinetics, before decaying at an almost same rate along the
rest of the cathode for all four cases. Analysis shows that for the Lc studied, more than 90% of the
IC/W resulted from the first 5 cm of the cathode (shown in Table 3.3). In addition, the current
densities over the first 800 µm from the AA/SS interface along the length of the cathode were
virtually identical for all Lc in Figure 3.15, thus it is not surprising that the total current at low WL
thicknesses was independent of the cathode length.
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Table 3.3: Percentage of ratio of IC/W for the first 5cm of Lc to that for the entire cathode for Lc
=5, 10, 20, 40cm
Lc (cm)
5
10
20
40

Percentage (%)
100
94.2
93.5
92.5

3.6.4 Implications and Limitations
As with all models, the modeling approach used here has several limitations. The most
important are: 1) the assumption of a uniform thin layer of electrolyte across the entire galvanic
couple, which is not always the case due to imperfect wetting, especially at the edge of the
cathode/anode. This imperfect wetting would lead to a shorter effective length of cathode available.
The effect on the total current would depend on what regime(s) are sampled by the droplet and
will be the reported in future work, 2) the assumption of a static, stagnant, and uniform electrolyte
layer with constant chemical concentration and conductivity neglects the fact of changes in
chemical (solution chemistry, corrosion products), electrochemical (corrosion kinetics) and
physical (evaporation, temperature) conditions can and do occur in reality; 3) The current work
focused on the contribution from cathode, using an anode that is largely non-polarizable, 4) the
assumption of steady-state is made in the study, neglecting the time-evolution of cathodic current
available and 5) only ohmic drop is considered, which is an intrinsic limitation of the use of
Laplace’s Equation-based modeling, with diffusion effects being captured through the effects on
cathodic kinetics.
It should be also noted that the limiting current density 𝑖lim in this study is obtained based
on mass-transfer limited cathodic kinetics pertinent to oxygen reduction reaction when the
dominant oxidizer in the solution is dissolved oxygen only. There might be some uncertainty
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brought by different oxidizer species in terms of critical natural convection boundary layer
thickness. To evaluate the effect of oxidizer species on this critical thickness value during their
reduction reaction at the same species concentration and number of electrons transferred, two other
oxidizer species persulfate ion (S2O82-), and hydrogen peroxide (H2O2) are introduced to compare
with oxygen. The former species was used in modified ASTM B-117 test in Chapter 2, and the
latter one is a typical intermediate during ORR reaction. By combing Equation 3.1 and 3.2, one
can obtain Levich Equation assuming concentration of oxidizer at the electrode surface equal to 0:
2/3

𝑖𝑙𝑖𝑚 = 0.620𝑛𝐹𝐷𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑟 𝜐 −1/6 𝐶𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑟,𝑏𝑢𝑙𝑘 (

2𝜋
𝑟𝑝𝑚)0.5
60

(3.3)

The pertinent parameters of persulfate ion, hydrogen peroxide and dissolved oxygen in 1M NaCl38
and calculated 𝑖lim for these three species when rpm = 100 are listed in Table 3.4, assuming
concentration of all the species is equal to equilibrium concentration of dissolved oxygen in 1M
NaCl. One can see that 𝑖lim of these species at the same rpm follows this order: S2O82- <H2O2< O2.
Unfortunately, we do not have experimental data of cathodic kinetics with respect to S2O82-/H2O2
reduction in quiescent 0.6M NaCl in order to obtain the critical natural convection layer thickness
as we did for oxygen shown in Figure 3.3, but one can postulate that the 𝑖lim of these species in
the quiescent solution would also follow this order: S2O82- <H2O2< O2, so that corresponding
natural convection boundary layer thickness would be the same assuming all the species have the
same concentration. RDE studies in S2O82- and H2 O2 containing sodium chloride solution will be
performed in the future work.
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Table 3.4: The pertinent parameters of persulfate ion, hydrogen peroxide and dissolved oxygen in
1M NaCl38 and calculated 𝑖𝑙𝑖𝑚 for S2O82-, H2O2 and O2.
Species

𝝊 (m2/s)

D (m2/s)

𝑪𝒐𝒙𝒊𝒅𝒊𝒛𝒆𝒓,𝒃𝒖𝒍𝒌 (M)

n

𝒊𝒍𝒊𝒎 (A/cm2)

S2O82-

9.95 x 10-7

8 x 10-10

0.00021

2

7.02 x 10-5

H2O2

1.01 x 10-6

1.4 x 10-9

0.00021

2

1.02 x 10-4

O2

1.01 x 10-6

1.9 x 10-9

0.00021

2

1.24 x 10-4

Despite these limitations the implications of the work should be noted. The method for
determining the natural convection layer should be applicable to any system for which the
hydrodynamic boundary layer can be controlled (e.g., rotating disk, rotating cylinder, flow channel,
etc.). The presence of the different regimes of cathode length and WL thickness represent a key
element in understanding the factors controlling galvanic interactions under atmospheric
conditions. In particular, the fact that cathode length matters for WL > 800 µm is surprising;
intuition might lead one to believe that current would not be thrown through an 800 µm WL from
a cathode surface 5 cm away (a LC: WL of 125), but in fact, the current is ~ 5x higher than that of
a 1 cm long cathode. These longer throwing distances have important implications for the sizing
of samples for chamber or outdoor testing, as samples that are too small will be non-conservative
results. The decrease in total current that occurs for small cathodes (< 9.25 cm in the present case)
at larger WL highlights the importance of considering the interplay between ohmic drop and mass
transport for cathodic reactions when considering galvanic interactions under atmospheric
conditions. In addition, the observation of oxide film effects on the diffusion limited current
density at thin (< 40 m in the cases studied here) is important as otherwise, the amount of cathodic
current available will be overestimated under these conditions, which would lead to substantial
errors, particularly in cases of wetting and drying.
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3.7

Conclusions
This study assesses how the total cathodic current capacity of a surface on the electrolyte

film thickness and cathode size in a galvanic couple. It spans the range of WL thickness from full
immersion conditions (where the total cathode current scales with cathode size) to the thin film
regime in which the WL is the diffusion boundary layer thickness. In order to fully assess the
transition from thin film to thick film condition, an understanding of the natural convection layer
thickness is required. The natural convection layer defines the upper limit for true thin film
behavior for atmospheric corrosion, and it can be experimentally determined by combining RDE
experiments with data from quiescent conditions. For the conditions studied here, the natural
convection boundary layer was found to be close to 800 m. For very thin electrolyte layers, it
was shown that oxide films can limit cathodic kinetics which will have important implications for
galvanic corrosion productions under wetting and drying. The WL thickness, cathode length and
electrochemical kinetics interact to create four regimes of total cathode current as a function of WL
thickness. The prediction of a decrease in total available cathodic current from stainless steel upon
an increase in WL thickness for small (Lc<9.25 cm) is unique and has implications both for
corrosion testing and corrosion prediction. The dependences can be understood by considering the
competitive effects of ohmic drop and mass transport of oxygen on the total current for different
cathode lengths.
3.8
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4. Effect of Solution Chemistry (pH, Conductivity and Dissolved Metal Species)
on the Distribution of Localized Corrosion in AA7050/SS316L Couple
Summary:
As mentioned in Chapter 2, well-defined electrochemical kinetics as boundary conditions
are vital for accurate Laplace-Equation based modeling prediction. Several variables pertinent to
solution chemistry such as pH and dissolved metal ion species can potentially affect
electrochemical kinetics of AA7050 and SS316L. Besides these, electrolyte conductivity is another
important variable which can affect electrochemical distributions in the galvanic coupling system.
Dissolved metal species investigated in this chapter are Al3+, Zn2+ and Mg2+ since Al, Zn and Mg
are major constituent elements in AA7050 or particulates embedded in corresponding metal-rich
primers, and they can be diffused into corrosion solution during the self- or galvanic-coupling
induced dissolution of AA7050 substrate and/or its protective metal-rich primers. However, there
is a very limited number of previous works regarding the effect of Al3+, Zn2+ and Mg2+ on the
electrochemical kinetics of SS316L and AA7050, let alone the effect of conductivity on the
electrochemical distributions in a galvanic coupling system with complicated geometry. The
structure of this chapter is laid out as: (1) the effect of pH and conductivity on the electrochemical
distributions in AA7050/SS316L with as fastener-hole configuration was studied in Part 1; (2,3)
Part 2&3 investigated the effect of Zn2+ & Mg2+ (Part 2), and Al3+ (Part 3) on the cathodic kinetics
of AA7050 as a function of concentration and immersion, assuming there was no galvanic coupling
between AA7050 and SS316L such that AA7050 is the cathode and metal-richer primer is the
anode; (4) Part 4 combined the study from Part 2 and 3 to investigate the effect of Al3+ and Mg2+
on the galvanic corrosion distribution between SS316L and AA7050 without and with metal-rich
primer involved.
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4.1

Abstract
In this study, the effect of solution pH, conductivity, pertinent cation species (Al3+, Zn2+

and Mg2+) on the electrochemical and galvanic corrosion distributions between SS316L and
AA7050 was well studied. For the aspect of solution pH and conductivity, a FEM based modeling
approach with experimentally determined electrochemical kinetics as boundary conditions was
used to simulate potential and current density distributions in the galvanic coupling with a
simulated fastener-hole configuration based on different pH and conductivity assumptions in the
solution. It shows that the acidic crevice solution at the mouth leads to more severe corrosion at
the occluded site of the crevice than mild alkaline crevice solution. It has been indicated that linear
conductivity assumption is good enough to represent the effect of varying conductivity on
electrochemical distributions and reflect corrosion behavior along the anode if one focuses on the
study of anode only, implying that conductivity might be a secondary factor affecting
electrochemical distributions in the galvanic coupling; but the estimation of conductivity function
should be within a reasonable range.
As for the aspect of pertinent metallic cation, their effect on cathodic kinetics of Al alloys
and on the galvanic corrosion between the couple were both investigated by a number of
electrochemical and instrumental characterization techniques. Zn2+ and Mg2+ show inhibitive
effect due to formation of precipitates on Cu-containing IMCs embedded in the AA7050 surface
thus impeding ORR activity; whereas Al3+ shows promotive effect on HER cathodic kinetics due
to enhanced proton diffusivity, this effect is not only observed on Al alloys, but also on Pt and
stainless steel. The cation study for the galvanic couple indicates that: addition of Al3+ or Mg2+
into NaCl solution significantly affects galvanic corrosion between AA7050/SS316L. Al3+ is
corrosion accelerator, and Mg2+ is corrosion inhibitor.
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4.2

Hypothesis
For pertinent solution chemistry variables: pH, solution conductivity, and Mn+ (Zn2+, Mg2+,

and Al3+ are selected since they are major constituent elements in AA7050), they are all primary
factors affecting electrochemical and corrosion distributions in the AA7050/SS316L couple. A
lower pH can lead to enhanced HER diffusion-limited cathodic kinetics of SS316L, resulting in a
larger scale galvanic corrosion distribution; electrochemical and corrosion distributions in the
galvanic coupling system are highly dependent on conductivity, and varying conductivity
assumption can give different results compared to constant conductivity assumption; Zn 2+, Mg2+,
and Al3+ all lowers cathodic kinetics of both SS316L and AA7050 due to their depressed effect on
ORR cathodic kinetics, which in turn lowers the galvanic corrosion damage between SS316L and
AA7050.
4.3

Part 1: Mathematical Modeling of Effects of pH and Conductivity on Electrochemical

Distributions in Galvanic Coupling in Airframe Components
The work presented in this chapter has been reported in the following publication:
C. Liu, R.G. Kelly, “Mathematical Modeling of Effect of pH and Conductivity on
Electrochemical Distributions in Galvanic Coupling in Airframe Components”, DoD Corrosion
Conference 2015, Pittsburgh, PA, November 15-19, 2015.
4.3.1 Introduction
Connections involving stainless steel (SS) fasteners in intimate contact with aluminum
(Al)-alloy components in airframes are frequently encountered after repair. When the Al-alloy
components are exposed to marine environments, splash, rainwater, or salt enabled deliquescence
can lead to the formation and maintenance of a thin surface electrolyte which contains chloride
species1. This thin film/galvanic couple configuration inherently aids in the trapping/wicking of
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electrolyte into a tight crevice. A localized galvanic cell between the SS fastener and Al alloy can
be formed as a consequence, leading to severe corrosion on the Al-alloy.
Numerous geometric and local environmental variables could affect potential and current
density distributions inside such a galvanic couple. Studying the relationship among these
variables and the corrosion behaviors that are expressed in terms of potential and current
distributions will allow the development of a quantitative understanding of the effects of these
variables and the application of that knowledge to design corresponding mitigation strategies. In
this paper, two important variables are discussed: the pH and the conductivity of the trapped
solution within the crevice formed by the SS fastener and the Al alloy.
The variation of the pH within the crevice is the result of hydrolysis of the aluminum ions
created by dissolution and their diffusion out of the crevice. For single corrosion pits on pure
aluminum, the pH of pit solution has been measured to be between 3 and 4 2. However, the local
pH within a crevice can differ from that in a corrosion pit due to its geometry. Alavi and Cottis
found that although the pH at crevice mouth was about 3-4, in the most occluded crevice region,
the pH was near 8 for in a corroding crevice of UNS A97475 3. This pH discrepancy within the
crevice was also reported by Cooper and Lewis 4, 5.
Conductivity influences ohmic resistance, causing potential drop inside a localized
corrosion environment. Pickering 6-9 developed the IR model to illustrate how the restricted crevice
geometry triggers potential (IR) drops within the crevice solution for materials that exhibit activepassive transitions. However, an ohmic drop serves to diminish the dissolution rate of materials
that do not have active-passive transitions in the crevice solution, which can lead to the creation
of higher pH deeper in the crevice, thereby focusing the corrosion attack near the mouth 10,11.
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There has been increasing demand for better characterization of the controlling parameters
in localized corrosion in systems of complicated geometry. The Finite Element Method (FEM) is
a numerical tool which is widely applied into localized corrosion modeling 12. In this work, FEM
was used to build up the mathematical framework in order to investigate the effects of pH and
conductivity on the electrochemical distributions in the crevice formed in the galvanic couple
between UNS A97050 component and UNS S30400 fastener. Experimentally determined
electrochemical kinetics served as boundary conditions in the modeling work.
4.3.2 Methodology
4.3.2.1 Mathematical Development
The governing equation used in this modeling work is Laplace’s Equation. Details of
mathematical derivation of Laplace’s Equation has been discussed in Chapter 1&2.
4.3.2.2 Electrochemical Testing
Aluminum alloy UNS A97050 and stainless steel UNS S30400 were used in this work.
The composition of two materials is listed in Table 4.1 and
Table 4.2, respectively. The size of each sample was 654.16 mm2 (1 in2) square with a
thickness of 6.35 mm (0.25 in). They were cut from the SL plane of the bulk materials. These
samples were wet ground to 1200 grits with alumina paper to obtain a smooth metal surface for
this study. Deionized water was used to clean the sample surface before testing. It should be noted
that UNS S30400 was used rather than UNS S31603 (SS 316L) here, since this study was aimed
to correlate Rafla’s experimental work13 in which UNS30400 was utilized as cathode, pertinent
discussion will be presented later.
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Chemicals of analytical grade quality were used in the testing. Sodium chloride (NaCl) was
used as bulk solution for this study. Different concentrations of Sodium Aluminate (NaAlO 2) or
hydrochloric acid (HCl) were added to the NaCl solutions to create alkaline or acidic environment,
respectively.
Table 4.1: Bulk composition of UNS A97050
Element present (wt%)
Composition

Si

Fe

Cu

Mn

Mg

Cr

Zn

Ti

Zr

Al

Average
mass%

0.12

0.15

2.6

0.10

2.6

0.04

6.7

0.06

0.15

87.54

Table 4.2:Compsotion of UNS S30400
Element present (wt%)
Composition

C

Mn

Si

P

S

Cr

Ni

N

Fe

Average
mass %

0.08

2.0

0.75

0.045

0.030

20.0

10.5

0.1

66.49

Full immersion measurements were made using a glass flat cell with a 1 cm2 exposed area
defined with a Teflon knife-edged washer to prevent crevice corrosion. A Pt counter electrode and
a saturated calomel reference electrode were used. Cyclic potentiodynamic polarization
experiment was carried out at a scan rate of 1 mV/s. All tests were conducted at laboratory
temperature (20°C) in both quiescent and deaerated (1 hour) solutions to mimic the crevice
geometry.

97

4.3.2.3 Modeling Setup
A Dell 3610 Workstation with Quad-core processors and 8 GB of RAM was used to
perform the mathematical modeling in this work. The Secondary Current Distribution Module at
steady state in COMSOLTM Multiphysics software (version 4.4) was applied to calculate
electrochemical distributions in the simulated geometry of galvanic couple. The modeling domain
of interest is the electrolyte only. A simplified fastener hole configuration was used in the modeling
which is shown in Figure 4.1a. Figure 4.1b is a visual demonstration how COMSOL software
divided electrolyte domain into fine meshes. Pertinent geometric factors in the simplified geometry
are listed in Table 4.3. Eight different points along the UNS S30400 fastener and UNS A97050
component are used as points of comparison for potential and current density values.
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Figure 4.1: a) Simplified geometry of fastener hole configuration involving SS fastener (UNS
S30400), Al alloy (UNS A97050), coating and electrolyte. All pertinent geometric parameters and
indicating points are included; b) Screenshot of mesh of electrolyte domain in the modeling
software.
Table 4.3: Range of Values of All Pertinent Geometric Parameters
No.

Parameter

Influencing Factor

1

W1

Set by scribe size in coating

2

W2

Set by tolerance, wet installation (sealant), sealant
coverage

3

G1

Set by primer and chromate conversion coating (CCC)
coverage

4

L1

Set by the fastener given

5

L2

Set by the fastener given

6

L3

Set by the coating coverage

7

L4

Set by the plate thickness and sealant coverage

8

L5

Set by loading density (L.D.) and relative humidity (R.H.)

9

L6

Set by max cathode calculation

10

L7

Set by the plate thickness and sealant coverage
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4.3.2.4 Electrochemical Boundary Conditions
The two types of boundary conditions used in this work are shown in Figure 4.2. The first one
is associated with a condition where aerated solution exists at the crevice mouth with a pH of 8,
and deaerated solution exists within the occluded site of the crevice which has a pH of 10. This
type of boundary condition was used in both the pH and conductivity studies. The second one is
associated with a condition where aerated solution exists at the crevice mouth with a pH of 3, and
deaerated solution exists at the occluded site of the crevice which has a pH of 10. The second type
was used in the pH study only. Details these two boundary conditions are listed in Table 4.4 and
Table 4.5, respectively.
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Figure 4.2: a) Geometry and boundary conditions in the modeling; b) First type of electrochemical
kinetics (boundary conditions) of Al Alloy and SS; c) Second type of electrochemical kinetics
(boundary conditions) of Al Alloy and SS. Solid lines of Al alloy represent reverse scans after
reaching highest current density limit during the cyclic potentiodynamic polarizations.
Table 4.4: Boundary Conditions in First Type of Boundary Condition
Boundaries

Description

1

1-2-3-4

UNS S30400 in aerated 0.5M NaCl solution pH=8

2

4-5

UNS S30400 in deaerated 0.5M NaCl solution pH=10

3

5-6-7

UNS A97050 in deaerated 0.5M NaCl solution pH=10

4

7-8

UNS A97050 in aerated 0.5M NaCl solution pH=8

Table 4.5: Boundary Conditions in Second Type of Boundary Condition
Boundaries

Description

1

1-2-3-4

UNS S30400 in aerated 0.5M NaCl solution pH=3

2

4-5

UNS S30400 in deaerated 0.5M NaCl solution pH=10

3

5-6-7

UNS A97050 in deaerated 0.5M NaCl solution pH=10

4

7-8

UNS A97050 in aerated 0.5M NaCl solution pH=3
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4.3.3 Results and Discussion
4.3.3.1 Effect of pH on Potential and Current Distributions
In this subsection, two distinct cases relative to the effect of pH on potential and current
distributions in the galvanic coupling induced crevice are compared and discussed. In the first case,
it is assumed that the amount of hydroxide ion produced from oxygen reduction reaction (ORR)
at the dominant crevice cathode (i.e., the SS fastener) is more than what is needed to balance the
acid produced by the hydrolysis of the aluminum ion (Al3+) from anode dissolution (Al alloy). As
a result, crevice solution at the crevice mouth will be alkaline (pH=8 in this case). This hydroxide
production will lead to higher pH values deeper into the crevice which would in turn lead to
passivation of the Al alloy deeper in the crevice. The second case is based on the experimental
result from Alavi and Cottis’ work 3, in which they found that solution at the crevice mouth was
mildly acidic (pH 3~4), whilst it became alkaline (pH=8) when moving to the deeper parts of the
crevice. This acidic-to-alkaline transition was adopted in this work, except that solution along the
deeper parts was considered to be more alkaline (pH=10). The electrochemical kinetics shown in
Figure 4.2b was applied to the first case as boundary conditions, while that in Figure 4.2c was
applied to the second case. Note that only the reverse scans of Al alloy polarization curve were
used as anodic boundary conditions (shown as solid lines in Figure 4.2b and Figure 4.2c) as these
better represent the electrochemical kinetics of an established localized corrosion site than the
forward scan. The geometry for the two cases was the same: W1=15 𝜇m, W2 = 15 𝜇m, G1= 15 𝜇m,
L1 = 5 mm, L2 = 5 mm, L3 = 4 mm, L4 = 6 mm L5 = 0.3 mm. Comparisons of potential and current
density distributions along the anode (Al alloy) are shown in Figure 4.3.
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Figure 4.3: Comparisons of a) potential distributions and b) current density distributions along the
anodic boundaries between alkaline crevice mouth (case 1) and acidic crevice mouth (case 2)
solution assumptions.
For the potential distributions (Figure 4.3a), it can be seen that Case 1 has a relatively large
potential range (from -0.768 V to -0.710 V) compared to case 2 (from -0.773 V to -0.732 V), and
the potential in Case 1 is always more negative than that in Case 2. Although both cases have the
same boundary conditions (SS/Al alloy in 0.5M NaCl solution with pH=10) in the deaerated region,
there is a potential difference which is about 0.005V between the two cases along most of the
regime until it is near to point 7. Beyond point 7, the potential difference becomes larger along the
aerated region until it reaches a maximum at point 8, which is equal to ~0.022 V. As for the current
density distributions (Figure 4.3b), Case 1 has smaller current densities than Case 2 along the entire
anodic boundary. It is worthwhile to see that the average current density at aerated regime is larger
than deaerated regime in either of cases, implying that Al alloy experiences more localized
corrosion at the aerated regime than deaerated regime.
In order to investigate repassivation behavior along the anodic boundaries, the repassivation
potentials of Al alloy in aerated and deaerated NaCl solutions in different pH values are needed.
These values are shown in
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Table 4.6. By considering repassivation potential information into potential distribution
profiles of two cases, a passive-to-active transition along the anodic boundary can be predicted as
shown in Figure 4.4. In Case 1 (Figure 4.4a), the potential along the entire aerated region is above
Erp,aerated = -0.770 V, whereas in the deaerated region, only a small portion of boundary 6-7 (at
roughly 0.8mm below point 7 along boundary 6-7) is above Erp,deaerated = -0.765 V. This result
indicates localized corrosion is mainly focused at the crevice mouth in Case 1, which is explicitly
illustrated in Figure 4.4c. In Case 2 (Figure 4.4), the potential along the aerated region is all above
Erp, aerated = -0.795 V as well, but half of the deaerated regime near point 7 is above Erp, deaerated =
-0.765 V, the rest of the deaerated regime is below Erp, deaerated. This result shows that the degree
3𝑚𝑚

3mm

of localized corrosion attack along the deaerated regime in Case 1 is around 0.8𝑚𝑚 ≈ 4 0.8mm ≈ 4
times that in Case 2, which is explicitly shown in Figure 4.4d.

Table 4.6: Repassivation Potentials of Al Alloy in Case 1&2
Case 1

Case 2

Erp,aerated

-0.770 V

-0.795 V

Erp,deaerated

-0.765 V

-0.765 V
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Figure 4.4: a) Potential distribution considering repassivation potentials in aerated and deaerated
solutions in case 1; b) Potential distribution considering repassivation potentials in aerated and
deaerated solution in case 2; c) Generic illustration to show passive-active transition behavior
along Al alloy surface in case 1; d) Generic illustration to show passive-active transition behavior
along Al alloy surface in case 2.

To validate the modeling prediction, experimental XCT measurements performed by
Rafla13 were compared to our modeling results displayed in Figure 4.4. In her work, a SS rivet
embedded in a piece of AA7050-T7451 pin under a droplet of 4M NaCl (Figure 4.5a) and the
corresponding corrosion damage over time was monitored by an XCT instrument. The XCT result
(Figure 4.5b) shows that 4 corrosion fissures appear on the AA7050 (red regions) with Fissure 1
at the crevice mouth area. From fissure area distribution along the SS rivet shown in Figure 4.5c,
it can be seen that Fissure 1 had the largest area which was even bigger than the sum of the other
three fissures after 62hrs exposure, which captured the essence of modeling work that localized
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corrosion was more dominant at the near-crevice mouth area. However, our modeling failed to
predict the localized corrosion damages inside the crevice as shown in Figure 4.5b, due to the
assumption of boundary conditions that uniform electrochemical property was across the entire
AA surface, whereas AA has highly microstructure heterogeneity everywhere in reality.

Figure 4.5: a) a schematic diagram of galvanic coupling between a SS rivet and an AA7050-T7451
under a droplet; b) a typical XCT result to show the distribution of corrosion fissures in AA7050
(Red) along the SS rivet (Blue); c) corrosion fissure area bars for the 4 fissures observed in
AA7050 in the 4M NaCl exposure after 62 hours as a function of rivet depth.
4.3.3.2 Effect of Conductivity on Potential and Current Distributions
In this subsection, three different assumptions concerning the conductivity within the crevice
are compared and discussed. We set the conductivity of water layer outside the crevice to be 6
S/m, but applied three distinct conductivity assumptions in the crevice solution. The first
assumption is constant conductivity equal to 6 S/m throughout the entire crevice. The second one
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is that crevice is treated as a pit, in which conductivity at the pit mouth is equal to 11 S/m, and
linearly increases to 17 S/m at the pit bottom. The values of conductivity at pit mouth and bottom
were obtained from Wong and Alkire’s work2. The third assumption is that conductivity
distribution along the crevice is an arbitrary piecewise function with all conductivities fall within
a range from 6 to 17 S/m. Conductivity distributions along the cathodic boundaries for three
assumptions are shown in Figure 4.6. The geometry setup is the same as that in pH effect study.
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Figure 4.6: Comparison of conductivity distributions under three different assumptions along the
cathodic boundaries.

Potential and current density distributions under these assumptions are shown in Figure 4.7.
In Figure 4.7a, it is obvious potential differences among three assumptions appear at the crevice
mouth. The difference between linear and piecewise function assumptions becomes smaller as it
moves to the occluded site of the crevice, whereas, the difference between the constant assumption
and the linear or piecewise function assumption is negligible in the middle region (boundary 3-4),
but increases gradually as it moves to the most occluded site (boundary 4-5). In Figure 4.7b,
potential distributions along the entire anodic boundaries are shown to be almost the same for the
linear and piecewise function assumptions, but they are distinguishable from the constant
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assumption, especially along the boundary 6-7. For the current density distributions shown in
Figure 4.7c and Figure 4.7d, it can be seen that the linear and piecewise function assumptions
almost overlap along the cathodic and anodic boundaries, but they still have differences with the
constant conductivity assumption. This finding also overturned the hypothesis raised earlier that
conductivity could significantly affect electrochemical distributions, implying that it should be a
secondary factor within a reasonable range.
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Figure 4.7: a) Comparison of potential distributions along cathodic boundaries; b) Comparison of
potential distribution along anodic boundaries; c) Comparison of current density distributions
along cathodic boundaries; d) Comparison of current density distributions along anodic boundaries.
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A sensitivity study of the effect of conductivity on anodic current distribution along
boundaries 6-7-8 is performed with conductivity ranging from 0.3 to 25 S/m. the lower limit 0.3
S/m is equivalent to conductivity of 2M AlCl3 which has maximum Al ion concentration appearing
in the Al crevice, and the upper limit 25 S/m corresponds to 5.5 M NaCl which is the saturated
NaCl concentration at room temperature. Comparisons of potential and anodic current density
along anodic boundaries 6-7-8 under different conductivity assumptions are displayed in Figure
4.8a&b respectively. It is clearly seen that when conductivity ranges from 1 to 17 S/m, current
distributions are similar to each other; when conductivity at two extremums (0.3 and 25 S/m
respectively), current density distributions have significant difference from the those at medium
range, and current density near the crevice mouth (point 8) is higher for 25 S/m and is lower for
0.3 S/m compared to the medium range. These comparisons infer that the estimation of
conductivity as a function of position should be made within a reasonable range, which is 1~17
S/m in this study.
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Figure 4.8: Comparison of a) potential and b) current density distributions along the anodic
boundaries 6-7-8 under different conductivity assumptions.
The key points drawn from the conductivity study are: (1) the effect of varying conductivity
is relatively small on the current density distributions on cathode/anode and potential distribution
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on anode, compared to assuming constant conductivity; (2) Conductivity affects the cathodic
potential distribution significantly, especially at the crevice mouth.; (3) if one want to make
conductivity as a function of position, the estimation needs to be within a reasonable range,
excessively over- or under-estimation can lead to a wrong prediction.
4.3.4 Conclusion
The effects of pH and conductivity on the potential and current distributions that develop
in a fastener hole configuration involving a realistic thin film/galvanic coupling configuration
between UNS A97050 component and SS fastener have been studied numerically. The modeling
work was based on the Laplace Equation to simulate these electrochemical distributions under
steady state. In the pH effect study, two types of boundary conditions were applied. They both
have alkaline (pH=10) solution at the occluded site of the crevice, but different pH at the crevice
mouth (acidic pH =3 in Case 1, and mild alkaline pH=8 in Case 2). It was shown that the acidic
crevice solution at the mouth leads to more severe corrosion at the occluded site of the crevice than
mild alkaline crevice solution. In conductivity study, three different conductivity assumptions were
compared. It has been indicated that linear conductivity assumption is good enough to represent
the effect of varying conductivity on electrochemical distributions and reflect corrosion behavior
along the anode if one focus on the study of anode only, implying that conductivity might be a
secondary factor affecting electrochemical distributions in the galvanic coupling; but the
estimation of conductivity function should be within a reasonable range (1~17 S/m in this study).
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4.4

Part 2: The Cathodic Inhibition Effect of [Zn2+] and [Mg2+] on Cathodic Kinetics of

AA7050- T7451
4.4.1 Introduction
Chromate-based coatings have been widely utilized in corrosion protection of aluminum
alloy1–5. Nevertheless, application of this type of coating has been limited due to the hazardous
effect to the environment and human health, as a result, more environment-friendly compounds
which provide chromate replacement inhibitors are being developed these years. Among these
chromium-free compounds, magnesium rich primer (MgRP) 6–12 and zinc-rich primers (ZnRP)13–
16

are excellent candidates providing cathodic protection to aluminum (Al) alloys. The protection

mechanism of MgRP/ZnRP is that: the Mg/Zn pigment embedded in the primer matrix works as
sacrificial anode and forms a galvanic couple with the Al-alloy substrate, forcing the substrate
cathodically polarized below its corrosion potential. In the meantime, metallic cations (Mg 2+, and
Zn2+) produced from open circuit and sacrificial anodic dissolution are leached out of the primer
matrix and diffuse into the corrosion solution, which might further impact cathodic kinetics of the
Al alloy substrate. There are tremendous literature work focusing on the sacrificial-anode cathodic
protection mechanism of these primers to the Al alloys17–22, however the following effect of the
dissolved cation on the cathodic kinetics, especially mass-transfer limited region is rarely
discussed in the literature, which will be addressed in this work.
An ideal paradigm of protection of Al-alloy substrate by a metal-rich primer would be:
metal pigment from the primer provides active cathodic protection for the Al alloy, and then the
dissolved metal cations from the pigment cathodically inhibit oxygen reduction reaction (ORR)
which lowers the self-corrosion rate of the Al-alloy substrate if there was no cathodic protection
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available. It is known that Cu-/Fe- containing intermetallic compounds (IMC)23–25, or replated Cu
from dealloying26, acts as a local cathodic site which increases susceptibility of localized corrosion
due to microgalvanic coupling. Jakab et al.27 used both experimental and modeling approaches to
demonstrate that both charge-transfer and mass-transfer-controlled ORR reaction rates were
increased with copper coverage in AA2024-T3, which inferred that the corrosion rate can be
minimized by reducing copper coverage assuming it is controlled by the cathodic reaction. There
are a number of literature work showing that several metallic cations cathodically inhibit oxygen
reduction reaction by producing precipitates on the Fe/Cu-IMC in Al alloys. Aldykewicz et al.28,
Aballe et al.29, Yasakau et al.30, and Mishra et al.31 parsed the protective nature of lanthanide
group (Ce, La, etc.) inhibitors via precipitating the lanthanide hydroxide compounds on Cu-IMC
(AA2024, AA2014) and Fe-IMC (AA5083). Transition-metal based inhibitors such as
chromate2,24,32, vanadate33,34, molybdate35,36, and cobalt35,37 were also found to lower down ORR
rate by forming precipitates on IMCs. However, pertinent research work focusing on the effect of
Mg2+ or Zn2+ of the corrosion behavior of aluminum alloys is rare in literature, although they have
demonstrated popular application in the galvanic cathodic protection of steel38–43, by directly
precipitating zinc or magnesium containing corrosion products on the steel surface and causing
inhibition of ORR which in turn lowers the corrosion rate. Collazo et al.44 compared the corrosion
behavior of AA2024-T3 in solution with and without Mg2+, and found that AA2024 shifted to a
more extended anodic passive window and more cathodic open circuit potential as well as larger
corrosion resistance by adding Mg2+ in the chloride containing solution. The corrosion inhibitive
effect caused by addition of Mg2+ was explained by formation of Mg(OH)2 which hinders the
dealloying of S phase and lowers the ORR rate at the S phase site. Buchhheit et al.45 developed a
synthesized Al-Zn-decavanadate hydrotalcite compound as inhibitor additive in the epoxy, and
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discovered that the released Zn2+ showed mild corrosion protection behavior toward underlying
2024-T3 substrate by lowering cathodic kinetics due to ORR.
Nevertheless, all the relevant available research is only limited to 2xxx series Al alloy. Our
study is aimed to extend the effect of Mg2+/Zn2+ to 7xxx series Al alloy, focusing on AA7050T7451. The objective of the study is to evaluate the effect of Zn2+ and Mg2+ on inhibiting ORR
kinetics of AA7050-T7451, and inhibitive effect was evaluated in terms of cation concentration
and immersion time.
4.4.2 Methodology
4.4.2.1 Materials Preparations
20mm x 20 mm square coupons machined from the S-L surface of a 50 mm thick rolled
AA 70500-T7451 plate (ACRONIC, Pittsburgh, PA) were used in this study. The composition of
AA7050-T7451 is listed in Table 4.1 in Part 1. all the testing coupons were polished to a surface
finish of 1200 grit with SiC paper. After polishing, the sample surfaces were rinsed with acetone
and then with de-ionized water prior to experiment.
4.4.2.2 Electrochemical Experiments
A three-electrode electrochemical cell with the AA 7050 coupon as the working electrode
(exposure area: 1cm2), a platinum-niobium mesh as the counter electrode, and saturated calomel
reference electrode was used for all the electrochemical testing. In the study of the effect of
concentration, the test solutions were: (1) 0.6M NaCl, (2) 0.6M NaCl+0.005M, 0.01M, 0.05M,
0.1M ZnSO4, and (3) 0.6M NaCl+0.005M, 0.01M, 0.05M, and 0.1M MgSO4. The pH of all the
test solutions was adjusted to 6. Cathodic polarization curve measurements were obtained in each
solution. For cathodic polarization experiments, 1 hour of open circuit potential (OCP)
measurements were performed prior to the potential scan starting from 0 V vs. OCP to -1.15 VSCE
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at a scan rate of 0.2 mV/s. To produce adequate corrosion products on AA7050 during cathodic
polarization for post characterization, potentiostatic experiments holding at -0.9 VSCE for 8 hours
were performed to deposit film on the AA7050 coupons in 0.6M NaCl+0.1M ZnSO4, and 0.6M
NaCl+0.1M MgSO4, respectively. As for the study of the immersion time, EIS measurements were
performed to estimate corrosion parameters after 1, 24, 48, 96 and 120 hours of immersion time at
OCP in 0.6M NaCl, 0.6M NaCl+0.1M ZnSO4, and 0.6M NaCl+0.1M MgSO4, respectively. A
typical electrochemical impedance measurement in this part was acquired in the frequency range
from 100 kHz to 10 mHz at 10 points per decade and a 10 mV AC amplitude around OCP after
each pertinent immersion time. All the electrochemical experiments were carried using a Gamry
Potentiostat (Ref 600/PCI 4) with Gamry Framework software.
4.4.2.3 Cleaning Procedure for Corrosion Products
All the AA7050 test coupons after 120hrs immersion time were cleaned in concentrated
nitric acid (HNO3) for 5 mins at 25oC following ASTM G1 Standard46, and then rinsed with
deionized water and air dry.
4.4.2.4 Characterizations
Corrosion products, Cu-containing intermetallic compounds (IMC) on the surface of
AA7050, as well as the surface morphology of the test coupons from 120 hours of immersion time
before and after nitric acid cleaning were characterized by both FEI QUANTA 200 and QUANTA
650 scanning electron microscopes (SEM) with an energy dispersive spectroscopy (EDS) detector.
Corrosion products on AA7050 from potentiostatic testing in Mg2+/Zn2+ containing
solutions were also characterized with x-ray diffraction (XRD) using a PANalytical X’pert powder
XRD instrument. A Cu-K𝛼 source (1.54 nm) was utilized to perform a scan from 2𝜃=5o to 80o at
step size=0.015o with a 40mA beam accelerated to 45kV. Raman Spectroscopy by Renishaw inVia
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Raman microscope (Wotton-under-Edge, UK) was then applied to confirm the results from XRD.
Measurements were conducted using a 200 mW 514 nm laser at 50% power under a 50× objective
lens through an 1,800 L/mm visible grating.
4.4.3 Results
To develop a systematic understanding of the effect of Mg2+/Zn2+ ion on the cathodic
kinetics of AA7050-T7451, and parse the underlying mechanism of corrosion inhibition of these
two ions toward AA7050, the study started with determination of diffusion-limited cathodic
kinetics of AA7050-T7451 in 0.6M NaCl as a function of concentration of added Mg2+ and Zn2+.
SEM/EDS was then utilized to characterize morphology and composition of IMC right after the
cathodic polarization measurement. For the course of corrosion inhibitive performance of these
two ions as a matter of exposure time, EIS was applied to monitor the electrochemical behavior
changes with immersion time with and without addition of Mg2+/[Zn2+], and SEM/EDS was then
to compare the corresponding corrosion damage differences after 120hrs immersion time. To
explore the composition of corrosion products formed through both Mg2+ and Zn2+-containing
sodium chloride solution, potentiostatic tests were performed to grow measurable amount of
precipitation on the alloy surface with holding potential at diffusion limited potential region. Post
XRD and Raman analysis were used to determine the corrosion product(s) at each type of solution.
4.4.3.1 Cathodic Polarization Curves of AA7050 as a Function of [Mg2+/ Zn2+]
The purpose of the cathodic scan starting from E corr was to maintain the surface structure
of as-polished samples and avoid the effect of unwanted dissolution on the surface if the scan
started from the potential above the E corr. Comparisons of cathodic kinetics of AA7050-T7451 in
0.6M NaCl with addition of MgSO4 or ZnSO4 from 0 to 0.1 M are displayed in Figure 4.9a and
4.9b, respectively. In both the cases, cathodic kinetics of AA7050 displayed a diffusion-limited
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potential window from Ecorr to ~1VSCE in the negative direction; cathodic limiting current densities
(ilim) were both smaller in Mg2+ and Zn2+ containing solution than pure 0.6M NaCl solution, and
the corresponding ilim decreased with increasing concentration of Mg2+/Zn2+. To discern the
difference in the degree of ORR inhibition between Mg2+ and Zn2+, a comparison of ilim at a
reference potential= -0.8 VSCE as a function of ion concentration is shown in Figure 4.9c. Instead
of experiencing gradual decrease in ilim as increasing ion concentration for Mg2+, ilim plunged
dramatically when just adding a little amount of Zn2+ till 0.01M, and then followed a slow decrease
in ilim. At each concentration, ilim for Zn2+ was always lower than Mg2+, and the largest difference
came from 0.1M, in which ilim for Zn2+ was only about 19% of that for Mg2+, indicating Zn2+
demonstrated a better inhibition effect than Mg2+ in terms of ORR at the same concentration.
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Figure 4.9: a) Cathodic polarization curves of AA7050-T7451 in 0.6M NaCl with addition of
different concentration of MgSO4; b) Cathodic polarization curves of AA7050-T7451 in 0.6M
NaCl with addition of different concentration of ZnSO 4; c) Comparison of ilim as a function of
metal ion concentration between Zn2+ and Mg2+.

4.4.3.2 SEM and EDS Analysis for Cu-IMC after Cathodic Polarization Measurements
In order to observe if any corrosion product formed on the intermetallic compounds (IMC)
of AA7050-T7451 during the cathodic polarization in either Mg2+ or Zn2+ containing solution,
SEM was utilized for two different AA7050 coupons after cathodic polarizations in 0.6M
NaCl+0.1M MgSO4 and 0.6M NaCl+0.1M ZnSO4 solutions, respectively. Figure 4.10 shows the
micrograph and EDS analysis for two points at and outside the IMC after immersing in Mg2+. It
can be clearly seen from SEM micrograph that a thin layer of corrosion product film covered on
the IMC surface. EDS analysis shows that: the IMC (location A) was relatively rich in Cu and Fe
compared to the matrix composition (location B), which implies this type of IMC is Al7 Cu2Fe;
huge concentration of oxygen, as well as relative high Mg concentration with respect to the matrix,
indicates some magnesium oxide/hydroxide film formed during the cathodic scan.

118

b)
Al

cps / eV

O
Al
Cu
Mg
Fe
S

O

Location B

30

At%
50.2
27.5
8.9
8.1
4.0
1.3

Al
Zn
Mg
O
Cu

25

cps / eV

8

6

Al

Location A

4
Cu

20

c)

At%
90.8
3.2
2.5
2.1
1.5

15
10

Mg

2

5
Fe

Zn
Cu

S

Fe

0

1

2

3

4

5

6

7

8

Cu

Zn

0

Cu

0
0

Mg

O

9

10

1

2

3

4

5

6

7

8

9

10

keV

keV

Figure 4.10: a) SEM image of Al7Cu2Fe covered by corrosion product in 0.6M NaCl+ 0.1M
MgSO4 solution; EDS spectrum and composition (atomic percent) of b) location A and c) location
B.
For the case of 0.6M NaCl+0.1M ZnSO4, a thicker corrosion product film was formed on
the Al7Cu2 Fe (Figure 4.11a), and again some type of zinc oxide/hydroxide film was formed on the
IMC (Figure 4.11b and 4.11c). The details of characterization of corrosion products during
cathodic polarizations will be discussed later. It is well known that Al7Cu2 Fe IMC is one of
common IMCs appeared in 2xxx and 7xxx series alloys, and is also the initiation site for localized
corrosion since its cathodic polarity with respect to Al matrix25,47–49, blockage of cathodic
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Al7Cu2Fe particle can impede its ORR rate, which in turn decreases overall diffusion limited
cathodic kinetics of AA7050.
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Figure 4.11:a) SEM image of Al7Cu2 Fe covered by corrosion product in 0.6M NaCl+0.1M ZnSO4
solution; EDS spectrum and composition (atomic percent) of b) location A and c) location B.
4.4.3.3 Corrosion Product Characterization after Potentiostatic Testing
In order to characterize the composition of precipitation/corrosion product formed on the
AA7050 within the diffusion-limited potential range, potentiostatic tests were performed at -0.9
VSCE for 8hrs in both 0.6M NaCl+0.1M MgSO4 and 0.6M NaCl+0.1M ZnSO4 solutions
respectively. All the samples after the tests were sonicated in deionized water for 10mins in order
to remove residual soluble salts before XRD/Raman analysis. The XRD patterns for samples taken
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from two different solutions are shown in Figure 4.12. The XRD spectrum of bare AA7050
substrate was also listed to exclude the peaks from the underlying AA7050 and focus on the surface
corrosion product. By searching the RRUFF Project Database50, the composition of corrosion
products for each solution has been identified: Mg(OH) 2 , and NaZn4(SO4)(OH)6Cl∙6H2O were
formed on the AA7050 in MgSO4 and ZnSO4 containing solutions respectively during cathodic
potentiostatic hold at ORR potential. They were confirmed by complementary Raman spectra
shown in Figure 4.13. The mechanism of formation of these two corrosion products will be
discussed later.
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Figure 4.12: a) Overlaid x-ray reference intensity vs. 2𝜃 plots of precipitate-coated AA7050
from MgSO4 containing solution, as-polished AA7050 and pure Mg(OH)2 50; b) overlaid x-ray
reference intensity vs. 2𝜃 plots of precipitate-coated AA7050 from ZnSO4 containing solution,
as-polished AA7050 and NaZn4(SO4)(OH)6Cl∙6H2O50.
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Figure 4.13: a) Overlaid Raman reference intensity vs. Raman shift plots of precipitate-coated
AA7050 from MgSO4 containing solution, and pure Mg(OH)2 50; b) overlaid Raman reference
intensity vs. Raman shift plots of precipitate coated AA7050 from ZnSO4 containing solution and
NaZn4(SO4)(OH)6Cl∙6H2O50 .
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4.4.3.4 EIS Analysis as a Function of Immersion Time
The main purpose of EIS analysis is to evaluate the property of the films formed by the
corrosion products, as well as charge transfer resistance of the AA7050 substrate. The lower limit
of EIS spectrum was 0.01 Hz due to significant noises of the scan at frequency smaller than 0.01
Hz. An equivalent circuit model with consideration of corrosion product films was utilized to fit
EIS parameters (shown in Figure 4.14), which has been reported elsewhere51–53. In this model, Rs
is the solution resistance ( 𝑜ℎ𝑚 ∙ 𝑐𝑚2 ), CPEfilm is the constant phase element (CPE) for the
corrosion protection film (𝑆 ∙ 𝑠 𝛼1 ), 𝛼1 is the exponent parameter for CPEfilm (0 < 𝛼1 ≤ 1 ), Rfilm is
the film resistance (𝑜ℎ𝑚 ∙ 𝑐𝑚2 ), CPEdl is the double layer capacitance (𝑆 ∙ 𝑠 𝛼2 ), 𝛼2 is the exponent
parameter for CPEdl (0 < 𝛼2 ≤ 1 ), Rct is the charge transfer resistance (𝑜ℎ𝑚 ∙ 𝑐𝑚2 ), and W is the
Warburg impedance (𝑆 ∙ 𝑠 0.5 ∙ 𝑐𝑚−2 ). To evaluate effective oxide film capacitance from CPE
value, Hirschorn et al.54,55 derived the mathematical relation between constant phase element (CPE)
and effective capacitance for oxide film thickness
𝐶𝑒𝑓𝑓 = 𝑔𝑄(𝜌𝛿 𝜖𝜖0 )1−𝛼

(4.1)

where Ceff is the effective capacitance, 𝜌𝛿 is the film resistivity, 𝜖 is the dielectric constant for the
film, 𝜖0 is the vacuum permittivity (8.854E-012 F/m), and 𝑔 is a dimensionless number which is
a function of 𝛼 : 𝑔 = 1 + 2.88(1 − 𝛼)2.375 . Magnesium oxide (MgO), zinc oxide (ZnO) and
aluminum oxide (Al2O3) were utilized to estimate oxide film properties, their film resistivity and
dielectric constant are listed in Table 4.7
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Figure 4.14: Equivalent circuit model to fit EIS spectra of AA7050 in pure 0.6M NaCl, and 0.6M
NaCl+Mg2+.

Table 4.7: Film Resistivity and dielectric constant of MgO, ZnO and Al2O356
Film resistivity (𝒐𝒉𝒎 ∙ 𝒎)
Dielectric constant

MgO
1E+12
9.5

ZnO
7.5E+05
8.5

Al2O3
1E+12
9.1

Corresponding Nyquist and Bode plots for AA7050-T7451 in 0.6M NaCl and 0.6M
NaCl+0.1M MgSO4 after 1, 24, 48, 96 and 120 hrs are shown in Figure 4.15 and Figure 4.16. All
the fitted EIS parameters are tabulated in Table 4.8 and Table 4.9. It should be noted that, the main
goal of EIS analysis in this work is to extrapolate and evaluate the properties of film formed by
corrosion product(s), for the analysis of EIS data in Zn2+ containing solutions, a different
equivalent circuit model was proposed shown in Figure 4.17. In this model, all the low-frequency
EIS components with respect to the interface between electrode and double layer were not
displayed due to the limitation of frequency range in this work. These components might appear
at lower frequency than 0.01Hz, but would experience significant noises when collecting data at
extreme low frequency region, as mentioned earlier. Following the same routine, the EIS plots for
and 0.6M NaCl+0.1M ZnSO4 are shown in Figure 4.18, and the corresponding fitted EIS
parameters are listed in Table 4.10.
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Figure 4.15: a) Nyquist plot as a function of immersion time; b) Bode impedance vs. frequency
as a function of immersion time; c) phase angle vs. frequency as a function of immersion time for
AA7050 immersed in 0.6M NaCl.
Table 4.8: Fitted EIS parameters for AA7050 in 0.6M NaCl solution in different immersion time
Time (Hr)
Rs (𝑜ℎ𝑚 ∙ 𝑐𝑚2)
CPEfilm (𝑆 ∙ 𝑠𝛼 )
𝛼1
Cfilm,eff (𝐹 ∙ 𝑐𝑚−2)
Rfilm (𝑜ℎ𝑚 ∙ 𝑐𝑚2)
CPEdl (𝑆 ∙ 𝑠𝛼 )
𝛼2
Rct (𝑜ℎ𝑚 ∙ 𝑐𝑚2)
W (𝑆 ∙ 𝑠 0.5 ∙ 𝑐𝑚−2)
1

2

1
18.57
2.685E-5
0.9002
4.211E-5
4037
5.512E-4
0.8266
15682
1200

24
18.86
4.412E-5
0.8917
7.201E-5
6340
1.260E-4
1
2999
1641

48
18.55
6.401E-5
0.882
1.094E-5
6210
3.582E-4
0.6022
12000
2473

96
18.98
9.063E-5
0.8552
1.736E-5
6631
4.710E-4
0.645
17820
1500

120
19.1
9.760E-5
0.8498
1.947E-5
6914
4.00E-4
0.7294
18110
1073
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Figure 4.16: a) Nyquist plot as a function of immersion time; b) Bode impedance vs. frequency
as a function of immersion time; c) phase angle vs. frequency as a function of immersion time for
AA7050 immersed in 0.6M NaCl+0.1M MgSO4.
Table 4.9: Fitted EIS parameters for AA7050 in 0.6M NaCl+0.1M MgSO 4 solution in different
immersion time.
Time (Hr)
Rs (𝑜ℎ𝑚 ∙ 𝑐𝑚2)
CPEfilm (𝑆 ∙ 𝑠𝛼 )
𝛼1
Cfilm,eff (𝐹 ∙ 𝑐𝑚−2)
Rfilm (𝑜ℎ𝑚 ∙ 𝑐𝑚2)
CPEdl (𝑆 ∙ 𝑠𝛼 )
𝛼2
Rct (𝑜ℎ𝑚 ∙ 𝑐𝑚2)
W (𝑆 ∙ 𝑠 0.5 ∙ 𝑐𝑚−2)
1

2

1
16.69
7.124E-6
0.921
1.018E-5
33000
3.01E-4
0.99
23404
9998

24
16.31
1.550E-5
0.881
2.675E-5
38123
1.501E-4
0.86
25000
10023

48
16.62
1.678E-5
0.8834
2.863E-5
61000
1.62E-4
0.92
25656
9908

96
17.17
1.746E-5
0.880
3.027E-5
108000
4.1E-4
0.92
24211
7011

120
17.15
1.72E-5
0.885
2.912E-5
129150
4.4E-4
0.98
27800
4555
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Figure 4.17: Equivalent circuit model for AA7050 in 0.6M NaCl+0.1M ZnSO 4.
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Figure 4.18: a) Nyquist plot as a function of immersion time; b) Bode impedance vs. frequency
as a function of immersion time; c) phase angle vs. frequency as a function of immersion time for
AA7050 immersed in 0.6M NaCl+0.1M ZnSO4.
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Table 4.10: Fitted EIS parameters for AA7050 in 0.6M NaCl+0.1M ZnSO 4 solution in different
immersion time
Time (Hr)
Rs (𝑜ℎ𝑚 ∙ 𝑐𝑚2)
CPEfilm (𝑆 ∙ 𝑠𝛼 )
𝛼1
Cfilm,eff (𝐹 ∙ 𝑐𝑚−2 )
Rfilm (𝑜ℎ𝑚 ∙ 𝑐𝑚2)
1

1
16.46
5.657E-6
0.9156
2.498E-6
990000

24
16.91
6.897E-6
0.9376
3.761E-6
457384

48
16.56
6.328E-6
0.9324
3.282E-6
341585

96
16.97
8.309E-6
0.936
4.461E-6
154737

120
17.02
1.062E-5
0.8683
2.997E-6
168403

Comparisons in corrosion product film resistance (Rfilm), film CPE (CPEfilm) and effective
capacitance of film (Ceff,film) are shown in Figure 4.19. For Rfilm, as immersion time increased, those
for 0.6M NaCl and 0.6M NaCl+0.1M MgSO4 both increased initially and then reached a plateau
for the former and kept going up for the latter, whereas that for ZnSO4 containing solution
decreased from the beginning and reached minimum at 96hrs before a slight increase at 120hrs.
Nevertheless, the film resistance was always highest for ZnSO 4 containing solution, followed by
MgSO4 containing solution, and pure NaCl solution had the lowest film resistance, which implied
that corrosion product showed corrosion protection for the alloy surface when solution contained
Mg2+ or Zn2+. As for CPEfilm and Ceff,film, they both increased during the first 24hrs for all three
solutions; however, for ZnSO4 containing solution, Ceff,film and CPEfilm reached minimum at 48hrs
before increasing again to the end of 120hrs; for MgSO 4 containing solution, Ceff,film and CPE film
were almost constant after the first 24hrs; they kept increasing for pure NaCl. It is interesting that
the CPEfilm and Ceff,film were the highest in pure NaCl solution, and the lowest for ZnSO4 containing
solution, which indicated the film thickness was the highest for ZnSO4 solution, whereas surface
exposed in pure NaCl solution had the lowest film thickness.
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Figure 4.19: a) Comparison of a) Rfilm , b) CPEfilm and c) Ceff, film as a function of immersion time
in three different solutions.
4.4.3.5 SEM and EDS Analysis to Evaluate the Efficiency of Corrosion Inhibitive Effect
Comparison of surface morphologies before HNO3 treatment among three different
AA7050-T7451 coupons immersed in 0.6M NaCl, 0.6M NaCl+0.1M MgSO4, and 0.6M
NaCl+0.1M ZnSO4 for 120hrs respectively is shown in Figure 4.20. For 0.6M NaCl solution, the
surface was fully coved by amorphous corrosion product; as for MgSO4 containing solution, the
surface was partially protected by discretely distributed precipitates; in ZnSO4 containing solution,
flake-wise precipitates meshed together to form a “web” which fully covered the entire alloy
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surface. After HNO3 treatment, the real corrosion morphologies for three different solutions were
revealed which are shown in Figure 4.21. It can be clearly seen that: without Mg2+ or Zn2+, AA7050
surface experienced tremendous amount of localized corrosion, whereas for Mg 2+ containing
solution scenario, only shallow pits were discretely distributed on the surface, and for Zn 2+
containing solution, there was little or no localized corrosion appeared. This proved that Zn2+
provided better corrosion protection than Mg2+ at least during 120hrs immersion test.

Figure 4.20: a) SEM images of AA7050 surface prior to HNO3 treatment after 120hr-immersion
in a) 0.6M NaCl solution; b) SEM image of AA7050 surface in 0.6M NaCl +0.1M MgSO4 solution;
c) SEM image of AA7050 surface in 0.6M NaCl+0.1M ZnSO4 solution; d) a zoom-in of a); e) a
zoom-in of b); f) a zoom-in of c).
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Figure 4.21: SEM image of AA7050 surface with HNO3 cleaning the surface after 120hrimmersion in a) 0.6M NaCl solution; b) 0.6M NaCl +0.1M MgSO 4 solution; c) 0.6M NaCl+0.1M
ZnSO4 solution.
4.4.4 Discussions
4.4.4.1 Film Quality and Corrosion Resistance Analysis
To evaluate the resistance of film formed by precipitation from either Mg 2+ or Zn2+,
𝛿𝑓𝑖𝑙𝑚

Rfilm*Ceff,film product was defined. Since 𝑅𝑓𝑖𝑙𝑚 = 𝜌𝑓𝑖𝑙𝑚 𝐴

𝑓𝑖𝑙𝑚

(𝜌𝑓𝑖𝑙𝑚 : film resistivity, Film 𝐴𝑓𝑖𝑙𝑚 :

cross section area of film, 𝛿𝑓𝑖𝑙𝑚 : film thickness) and 𝐶𝑒𝑓𝑓,𝑓𝑖𝑙𝑚 =

𝜀𝑜 𝜀 𝐴𝑓𝑖𝑙𝑚
𝛿𝑓𝑖𝑙𝑚

, 𝑅𝑓𝑖𝑙𝑚 ∗ 𝐶𝑒𝑓𝑓,𝑓𝑖𝑙𝑚 =

𝜌𝑓𝑖𝑙𝑚 𝜀𝑜 𝜀 is a function of film resistivity. A comparison of RC product between Zn2+ and Mg2+
containing solution in terms of immersion time is shown in Figure 4.22a. RC product for Zn2+ was
higher than Mg2+ containing solution during the first 35hrs, and then it decreased with time and
became lower than Mg2+, whereas Mg2+ experienced an ascending tendency all the time, which
implied that the film quality of Mg2+ would be better for an immersion time longer than 35hrs. For
total corrosion resistance (Figure 4.22b), both Mg2+ and Zn2+ containing solutions showed larger
resistance compared to pure NaCl solution, but again, the total resistance of Zn2+ containing
solution degraded over time whilst it for Mg2+ improved with time increasing, which might infer
that Mg2+ corrosion inhibitive effect would be better for Zn2+ for a very long-time immersion
exposure (>120hrs).
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Figure 4.22: a) Comparison of film RC products between Zn2+ and Mg2+ containing solutions as
a function of immersion time; b) Comparison of total resistance between Zn2+ and Mg2+.
containing solutions as a function of immersion time.
4.4.4.2 Reactions to Form Corrosion Products
When oxygen reduction reaction takes place on Cu-containing intermetallic particle (IMC)
of AA7050 during cathodic polarization, in Mg2+ containing solution, these electrochemical and
chemical reactions proceed in the following sequence:
𝑂2 + 2𝐻2 𝑂 + 4𝑒 − = 4𝑂𝐻 −
2𝑀𝑔2+ + 4𝑂𝐻 − = 2𝑀𝑔(𝑂𝐻)2
As a result, Mg(OH)2 is the main corrosion product at open circuit potential or cathodic
polarization in neutral to mild alkaline solution containing Mg 2+.
Whereas in Zn2+ containing solution, these electrochemical and chemical reactions take
place in the following sequence:
3𝑂2 + 3𝑆𝑂4 + 12𝑒 − = 12𝑂𝐻 −
6𝑍𝑛2+ + 12𝑂𝐻 − + 2𝑁𝑎𝐶𝑙 + 2𝑍𝑛𝑆𝑂4 + 12𝐻2 𝑂 = 2𝑁𝑎𝑍𝑛4 (𝑆𝑂4 )(𝑂𝐻)6 𝐶𝑙 ∙ 6𝐻2 𝑂
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As a result, NaZn4(SO4)(OH)6Cl∙6H2O is the main corrosion product at open circuit potential or
cathodic polarization in neutral to mild alkaline solution containing Zn2+.
4.4.5 Conclusions:
The effect of Mg2+ and Zn2+ on the cathodic kinetics of AA7050 has been investigated in
this work. It has been found that: during cathodic potential regime where ORR is dominant,
Mg(OH)2 and NaZn4(SO4)(OH)6Cl∙6H2O are precipitated on Cu-containing IMCs embedded in
AA7050-T7451 in Mg2+ and Zn2+ containing solutions respectively, forming diffusional barrier to
ORR and lowering down the cathodic limiting current density. The decrease in cathodic limiting
current density pertinent to ORR is proportional to Mg2+/Zn2+ concentration. As for the evaluation
of corrosion inhibitive effect of these two cations with respect to reduced ORR kinetics, both
increases with increased cation concentration, and Zn2+ provides better inhibition than Mg2+ at the
same ion concentration; corrosion inhibitive effect of Mg2+ is interior to Zn2+ during the first 120hrs,
but would be superior to Zn2+ for an immersion exposure period longer than 120hrs.
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4.5

Part 3: Promotive Effect of Al3+ on the Cathodic Kinetics of Aluminum Alloys

4.5.1 Introduction
High strength aluminum alloys (Al alloys) have received wide application in the aerospace
and automotive industries for decades. However, these alloys are prone to localized corrosion due
to highly heterogenous microstructures1,2, with susceptibility to pitting and crevice corrosion3–6,
intergranular corrosion7–9, exfoliation corrosion10,11, and environmental assisted cracking12–14,
depending upon the alloy composition and temper. These localized corrosion behaviors are
detrimental to the Al-alloy based structures and there have been a great deal of experimental
studies performed aimed at interrogation of the underlying mechanisms as well as development of
pertinent test protocols to better quantify these phenomena. Among these experimental protocols,
accelerated corrosion test methods are designed to create corrosion morphologies that mimic those
observed in service and evaluate the interaction between exposure environment and the degree of
localized corrosion in a timely fashion. For exfoliation corrosion, available accelerated testing
protocol include ASTM G3415, ASTM G8516, and ANCIT17. For ANCIT test method17 proposed
by Lee and Lifka, there are four major metal ion species which are determined from the solution
chemistry of AA7150 exposed in G34 test after 24hrs: Al3+, Zn2+, Mg2+, and Cu2+.

The

corresponding elements are the dominant constituent ones in AA7150. Lee and Lifka found that
Al3+ was the cation that was most important in the success of the exfoliation corrosion test.
However, the role of Al3+ in causing severe exfoliation corrosion in susceptible tempers was not
explained in their work.
From an electrochemical perspective, the localized corrosion rate of aluminum alloys under
open circuit potential conditions can be controlled by either the passivity of the alloys which
attenuates the dissolution kinetics, or the rate of the oxygen reduction reaction (ORR) or hydrogen
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evolution (HER) rate happening on the alloy surface.

Some corrosion inhibitors focus on

mitigation of the mass transfer limited cathodic kinetics on Al alloys. Metallic cation-based
inhibitors (most of which belong to transition metal group such as lanthanide) form metal
oxide/hydroxides on the noble intermetallic particles embedded in the Al matrix, which are the
key cathodic sites, to achieve cathodic inhibition goal18–25. However, there has been limited
literature pertinent to the effect of four major metallic cations in the ANCIT test on the cathodic
kinetics of Al alloys, despite the fact that under corrosion conditions, these metallic ions will be in
the highest concentration on the surface.
Recently, Parker and Kelly26 parsed the electrochemical foundation of G34 and ANCIT
tests, and discovered that addition of AlCl3 (~0.224M) significantly increased the hydrogen
evolution reaction (HER) rate on both AA2060-T3 and AA2060-T86, which in turn accelerated
the localized corrosion of those Al alloys. However, this work lacked a detailed explanation of the
means by which the addition of Al3+ caused a huge increase in cathodic kinetics. Actually, there
are several potential applications of understanding the role of Al3+ in localized corrosion behaviors
of Al alloys: 1) during the localized corrosion, Al3+ will diffuse out from the localized corrosion
site into the adjacent solution environment, which can further impact the corrosion behavior of Al
alloys; 2) by utilizing the fact that Al3+ can increase the cathodic kinetics which in turn increases
localized corrosion rate, improved accelerated corrosion testing for Al alloys can be developed by
manipulating the content of Al salts; 3) if HER enhancement by Al3+ can be extended to the other
metal and alloys, one can make use of Al3+ for the production of hydrogen.
The overarching goal of this study is to firstly examine the phenomenological effect of Al3+
on the cathodic kinetics and corrosion rates on 2xxx, 5xxx and 7xxx series Al alloys, and then
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extend the Al3+ effect study to pure platinum (Pt) and stainless steel 316L (SS), and parse the
underlying mechanism of cathodic kinetics enhancement by Al3+.
4.5.2 Experimental Methods
4.5.2.1 Materials Preparations
Three types of Al alloys: AA2024-T351, AA5083-H131 and AA7050-T451 all of which
are obtained from ALCOA (Pittsburgh, PA), as well as SS316L (McMaster-Carr Supply Company,
Elmhurst IL) were cut into 1” x 1” test coupons. A platinum rotating disk electrode (Pine Research
Instrumentation, Inc., Durham, NC) of diameter equal to 0.5 cm was use for the RDE test. The
nominal compositions of three types of Al alloys are listed in Table 4.11. All of these specimen
were polished to a surface finish of 1200 grit with SiC paper, and subsequently degreased with
ethanol followed by deionized water, before experiment.
Table 4.11: Composition of AA7050-T7451, AA5083-H131 and AA2024-T351 (All values in
weight percent)
7050
5083
2024

Si
0.12
0.1
0.093

Fe
0.15
0.22
0.18

Cu
2.6
0.05
4.5

Mn
0.1
0.7
0.62

Mg
2.6
4.4
1.3

Cr
0.04
0.08
0.01

Zn
6.7
0.02
0.1

Ti
0.06
0.02
0.018

Zr
0.15
N/A
0.003

Al
balance
balance
balance

4.5.2.2 Electrochemical Tests
A three-electrode electrochemical cell was used with the alloy specimen as the working
electrode (WE) with an exposure area of 1cm2 except that Pt disc electrode had surface area=0.2
cm2, saturated calomel reference electrode (SCE) as reference electrode (RE), and platinumniobium mesh as the counter electrode (CE). A Bio-Logic SP-200 (Bio-Logic SAS, Claix, France)
potentiostat was utilized with EC-Lab (Version 11.01) software running to record all the
electrochemical results. The details of each electrochemical technique will be described in below
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Cathodic polarization measurements were performed on AA7050, AA5083, AA2024 and
SS316L at scan rate=0.2 mV/s after 1hr open circuit potential (OCP) measurement, starting from
OCP to -1.5 VSCE in five different solutions: (1) 0.6M NaCl, (2) 0.57M NaCl+0.01M AlCl3, (3)
0.45M NaCl+0.05M AlCl3, (4) 0.3M NaCl+0.1M AlCl3, and (5) 0.2M AlCl3. The pH of each
solution is listed in Table 4.12. Two additional test solutions of 0.6M NaCl with pH adjusted with
HCl were prepared to compare with solution (2) and (4) under the same pH: 0.6M NaCl with
pH=3.57 and 0.6M NaCl with pH=3.01. The purpose of performing cathodic polarization from
OCP is to avoid the effect of prior anodic dissolution on the surface structure if the scan started
above OCP, and only focus on the cathodic characteristic of as-polished samples. To determine
the dependence of the polarization resistance (Rp) and corrosion potential (Ecorr) on the [Al3+], full
polarization measurements were performed on all Al alloy samples with scan rate=0.2 mV/s, which
started at 0.3V below OCP and ended at -0.55 VSCE.
Table 4.12: pH of each test solution
Solution
0.6M NaCl
0.57M NaCl+0.01M AlCl3
0.45M NaCl+0.05M AlCl3
0.3M NaCl+0.1M AlCl3
0.2M AlCl3

pH
5.6
3.57
3.2
3.01
2.87

A typical electrochemical impedance spectrum in this part was acquired over the frequency
range from 10 kHz to 10 mHz at 10 points per decade with a 10 mV AC amplitude around OCP
after 1hr immersion time. AA7050-T7451 were immersed in solution (1)–(5) described above to
study the effect of Al3+ concentration on interfacial parameters. All the EIS data were fitted by
EC-Lab software.
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A PINE Instrument ASR rotator (Pine Research Instrumentation, Inc., Durham, NC) was
used with a Pt WE. Two types of experiments with RDE configurations were performed: 1) after
10-min stabilization, direct RDE cathodic polarization measurements from -0.2 VSCE to 1.1 VSCE
with scan rate =0.2 mV/s and rotation speeds of= 100, 200, 500 and 1000 rpm, in 0.57M
NaCl+0.01M AlCl3, 0.6M NaCl (pH=3.57), 0.3M NaCl+0.1M AlCl3, and 0.6M NaCl (pH=3),
respectively; 2) RDE cathodic polarization measurements starting from OCP to -1 VSCE after 1hr
OCP measurement in 0.6M NaCl, 0.6M NaCl (pH=3.01) and 0.3M NaCl+0.1M AlCl3. One
additional test in N2-purged de-aerated environment was conducted in the last solution.
4.5.2.3 SEM/EDS Characterizations
A Pt surface after cathodic polarization in Al3+ containing solution was characterized by
both FEI QUANTA 200 scanning electron microscopes (SEM) with an energy dispersive
spectroscopy (EDS) detector (Hillsboro, OR).
4.5.3 Results
A description of the corrosion kinetics of Al alloys in the absence and presence of Al3+, as
well as the dependence of mass-transfer limited cathodic kinetics and corrosion resistance of Al
alloys on the Al3+ concentration will be presented here. Most of the results presented are for
AA7050-T7451.
4.5.3.1 Mass Transfer-Limited Cathodic Kinetics and Polarization Resistance of Al Alloys as a
Function of [Al3+]
Typical cathodic polarization curves of AA7050-T7451 in pure 0.6M NaCl and
NaCl+AlCl3 with different [Al3+] and fixed [Cl-]=0.6M are displayed Figure 4.23a. At first glance,
cathodic limiting current density (ilim) increased significantly once [Al3+] was added to the NaCl,
and ilim kept increasing steadily as [Al3+] increased. A comparison of ilim chosen at a reference
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potential -1.05 VSCE as a function of [Al3+] is shown in Figure 4.23b. A sharp jump in ilim (~6x)
when 0.01M [Al3+] was introduced into pure NaCl solution, followed by a steady increase in ilim
with increasing [Al3+], albeit at a slower rate between 0.05 and 0.1M, until a maximum was reached
at 0.2M [Al3+], which was about 9 times higher than 0.6M NaCl. It is obvious that addition of
[Al3+] can significantly enhance mass transfer limited cathodic kinetics of AA7050. To determine
if the effect of [Al3+] also takes place in the other Al alloys, cathodic polarization curves of
AA7050, 5083 and 2024 in 0.6M NaCl and 0.3M NaCl+0.1M AlCl3 were generated and are
compared in Figure 4.24. It is clearly seen that, with addition of Al3+ into NaCl solution, ilim was
significantly enhanced for all three Al alloys, and the order of the degree of ilim was ranked as
follows: AA2024>AA7050>AA5083 in both solutions in the presence and absence of Al3+. The
fact that AA2024 had highest ilim can be attributed to its high Cu content since Cu-bearing IMCs
are believed to be active sites sustaining mass-transfer limited cathodic kinetics19.
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Figure 4.23: a) Comparison of cathodic polarization curves of AA7050 as a function of [Al3+]; b)
ilim vs. [Al3+] at a reference potential -1.05 VSCE.
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Figure 4.24: Comparisons of cathodic kinetics of AA7050, AA5083 and AA2024 in 0.6M NaCl
and 0.3M NaCl+0.1M AlCl3.
It is known that Al3+ can be hydrated with six water molecules to form complex ion
Al(H2O)63+ in neutral solutions27. This complex ion can undergo a series of complicated hydrolysis
reactions, with the dominant reaction being:

Al ( H 2O ) 6 3+ + H 2O

Al ( H 2O )5 (OH ) 2 + + H 3O +

pK1=4.96

(4.2)

The hydrolysis of hydrated Al3+ results in an acidic pH in the solution. To distinguish the enhanced
cathodic kinetics of Al alloys by adding Al3+ from that due to merely low pH of solution, a
comparison of cathodic kinetics of AA7050 in 0.6M NaCl (pH=5.6), 0.6M NaCl (pH=3.01), and
0.3M NaCl + 0.1M AlCl3 (pH=3.01) is displayed in Figure 4.25. By looking at ilim at -1.05 VSCE
again, that for Al3+ containing solution was about twice that for 0.6M NaCl at the same pH,
indicating the increase in ilim is not solely caused by low pH due to hydrolysis of Al3+.
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Figure 4.25: A comparison of cathodic kinetics of AA7050 in 0.6M NaCl (pH=5.6), 0.6M NaCl
(pH=3.01), and 0.3M NaCl + 0.1M AlCl3 (pH=3.01).
As for the effect of [Al3+] on the polarization resistance, a comparison of full polarization
curves of AA7050 as a function of [Al3+] is shown in Figure 4.26a. Rp , Ecorr and icorr (calculated
by EC-lab software) for each solution in Figure 4.26a are listed in Table 4.13. It can be seen that
Rp fell suddenly from 19820 ohm*cm2 to 3785 ohm*cm2 when adding 0.01M [Al3+], followed by
a gradual decrease as [Al3+] increased until reaching a minimum in 0.2M AlCl3, which was only
about 11% of that in 0.6M NaCl. The icorr values showed the reversal trend due to its reciprocal
relation with Rp, starting from 7.15E-7 A/cm2 to 1.21E-5 A/cm2 with increasing [Al3+].
Interestingly, Ecorr first dropped from -0.742 VSCE to -0.939 VSCE when introducing 0.01M [Al3+]
into NaCl solution, and then rose with increasing [Al3+]. This behavior can be explained by Fig
Figure 4.26b. When solution changes from a to b, application of Mixed Potential Theory
demonstrates that anodic/ dissolution kinetics of AA7050 was enhanced due to addition of [Al3+],
and the resultant Ecorr moved in negative direction assuming cathodic kinetics either stayed
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unchanged or changed less than the anodic kinetics. However, the mass transfer limited cathodic
kinetics was significantly increased as [Al3+] increased further, such that cathodic kinetics became
more dominant than anodic kinetics regarding the change in Ecorr, with the resultant Ecorr switched
to move in more positive direction as keeping increasing [Al3+]. This also implies that a signicifant
[Al3+] (~0.05M) is needed in order to maintain a high corrosion rate of Al alloys controlled by
enhanced cathodic kinetics.

-0.5

0.6M NaCl
0.57M NaCl+0.01M AlCl3

-0.6

0.45M NaCl+0.05M AlCl3

-0.7

0.2M AlCl3

a)

Potential E/ V SCE

0.3M NaCl+0.1M AlCl3

-0.8

-0.9

-1.0

-1.1

-1.2
1E-9

1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

0.01

2

Current density i (A/cm )

Figure 4.26: a) A comparison of full polarization curves of AA7050 as a function of [Al3+]; b)
schematic polarization curve to show the controlling factors for ECorr based on the Mixed Potential
Theory.

Table 4.13: A list of Fitted Electrochemical Parameters for AA7050 as a function of [Al3+] in
solutions.
a
b
c
d
e

Solution
0.6M NaCl
0.57M NaCl+0.01M AlCl3
0.45M NaCl+0.05M AlCl3
0.3M NaCl+0.1M AlCl3
0.2M AlCl3

𝑹𝒑 (𝒐𝒉𝒎 ∙ 𝒄𝒎𝟐 )
19820
3785
3485
2805
2158

𝑬𝒄𝒐𝒓𝒓 (𝑽𝑺𝑪𝑬 ) 𝒊𝒄𝒐𝒓𝒓 (𝑨/𝒄𝒎𝟐 )
-0.742
7.15E-7
-0.939
6.89E-6
-0.897
7.48E-6
-0.852
9.30E-6
-0.823
1.21E-5
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4.5.3.2 EIS Study
In order to better understand the electrochemical mechanism of the effect of [Al3+] on the
corrosion behavior of Al alloys and evaluate passive oxide film quality as a function of [Al3+], EIS
analyses were performed on AA7050-T7451. Figure 4.27 shows the corresponding Nyquist and
Bode plots for the different solutions. It is clearly seen that an inductive loop appeared in the low
frequency regime in Al3+ containing solution, and as a result, two types of equivalent circuit
models were incorporated as shown in Figure 4.28. The equivalent circuit model in Figure 4.28a
was used to fit data in 0.6M NaCl, and that in Figure 4.28b was used for the NaCl+AlCl3 solutions
to take in account the inductive loop, which might be caused relaxation of absorbed intermediate
in the oxide film during HER 28–31. Also, a Warburg impedance element was used in both models,
to account for mass transfer of protons to the oxide/electrode interface in the low frequency regime.
At high frequency regime, both models have CPE behavior attributed to the passive oxide film, in
order to estimate the effective capacitance values from the CPE, Hirschorn et al. 32,33 derived the
mathematical relation between constant phase element (CPE) and effective capacitance for oxide
film thickness which was used in Part 2 of this chapter as well
𝐶𝑒𝑓𝑓 = 𝑔𝑄(𝜌𝛿 𝜖𝜖0 )1−𝛼

(4.1)

Where Ceff is the effective capacitance, 𝜌𝛿 is the film resistivity, 𝜖 is the dielectric constant for the
film, 𝜖0 is the vacuum permittivity (8.852E-12 F/m), and 𝑔 is a dimensionless number which is a
function of 𝛼 : 𝑔 = 1 + 2.88(1 − 𝛼)2.375 . For 𝜌𝛿 and 𝜖 , it is assumed that the oxide film is mainly
alumina with film resistivity = 1E+12 𝑜ℎ𝑚 ∙ 𝑚 and 𝜖 =9.1 (Table 4.7). All of the fitted EIS
parameters are listed in Table 4.14: Fitted EIS parameters as a function of [Al3+] for AA7050.
Based on these fitted parameters, two factors can be evaluated: RfilmCeff,film product to evaluate
oxide film quality, and Rtotal=Rfilm+Rct+RLoop. to evaluate total corrosion resistance. The reason RC
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𝛿

product can be used to evaluate oxide film quality is that: 𝑅𝑓𝑖𝑙𝑚 = 𝜌𝑓𝑖𝑙𝑚 𝐴𝑓𝑖𝑙𝑚 ( 𝜌𝑓𝑖𝑙𝑚 : film
𝑓𝑖𝑙𝑚

resistivity, 𝐴𝑓𝑖𝑙𝑚 : cross section area of film, 𝛿𝑓𝑖𝑙𝑚 : film thickness) and 𝐶𝑒𝑓𝑓,𝑓𝑖𝑙𝑚 =

𝜀𝑜 𝜀 𝐴𝑓𝑖𝑙𝑚
𝛿𝑓𝑖𝑙𝑚

, so

𝑅𝑓𝑖𝑙𝑚 ∗ 𝐶𝑒𝑓𝑓,𝑓𝑖𝑙𝑚 = 𝜌𝑓𝑖𝑙𝑚 𝜀𝑜 𝜀 is only a function of film resistivity assuming the dielectric constant
is unchanged. Plots in which Rfilm x Ceff,film as well as Rtotal vs. [Al3+] are shown in Figure 4.29.
The RC product declined dramatically with small addition of Al3+, which might be attributed to
hydration of oxide film under anodic control when Al3+ just introduced into NaCl. Higher Al3+
concentration led to small increases in RC, possibly due to build-up of aluminum oxide/hydroxide
on the alloy surface till Al3+ concentration. As for the total resistance, it decreased with increasing
Al3+ concentration with the largest decrease occurring at the smallest Al3+ concentrations, echoing
the tendency of polarization resistance calculated from previously, indicating that Al alloy is more
prone to localized corrosion as increasing [Al3+].
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Figure 4.27: a) Nyquist Plots of AA7050 as a function of [Al3+]; b) Bode impedance vs. Frequency
as a function of [Al3+]; c) phase angle vs. Frequency as a function of [Al3+].

Figure 4.28: a) equivalent circuit model to fit data in 0.6M NaCl solution; b) in NaCl+AlCl3
solution.
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Table 4.14: Fitted EIS parameters as a function of [Al3+] for AA7050
Rs (𝒐𝒉𝒎 ∙ 𝒄𝒎𝟐)
CPEfilm (𝑺 ∙ 𝒔𝜶 )
𝜶𝒇𝒊𝒍𝒎
Cfilm,eff (𝑭 ∙ 𝒄𝒎−𝟐 )
Rfilm (𝒐𝒉𝒎 ∙ 𝒄𝒎𝟐)
Lloop (H)
Rloop (𝒐𝒉𝒎 ∙ 𝒄𝒎𝟐)
CPEdl (𝑺 ∙ 𝒔𝜶 )
𝜶𝒅𝒍
Rct (𝒐𝒉𝒎 ∙ 𝒄𝒎𝟐)
W (𝑺 ∙ 𝒔𝟎.𝟓 ∙ 𝒄𝒎−𝟐)
𝟏

𝟐

0.6M NaCl +0.01M AlCl3 +0.05M AlCl3 +0.1M AlCl3
18.57
18.5
20.1
19
2.685E-5
1.01E-5
3.40E-5
5.00E-5
0.9002
0.945
0.933
0.92
3.804E-5
1.218E-5
4.301E-5
6.617E-5
4037
2760
840
N/A
165
210
330
N/A
121.5
251
459
5.51E-6
1.05E-2
8E-3
6.7e-3
0.827
0.991
0.75
0.7
15682
1221
1115
1000
1200
160
120
115

0.2M AlCl3
26
6.75E-5
0.931
8.599E-5
713
300
265
5.98E-3
0.69
601
120

0.16

20000

0.12

b)

15000

R total / (ohm*cm 2)

R film *C eff,film / (ohm*F)

a)

0.14

0.10
0.08

10000

0.06
0.04

5000

0.02
0.00

0.05

0.10

0.15

0.20

[Al3+]/ M

0
0.00

0.05

0.10
[Al

0.15

0.20

3+

]/M

Figure 4.29: a) RfilmCeff,film product vs. [Al3+] and b) Rtotal vs. [Al3+] for AA7050 from EIS analysis.
4.5.3.3 Effect of Al3+on Cathodic Kinetics of Pt and SS
Several previous studies have investigated the effect of cathodic polarization on the
corrosion of pure Al. Lin and Hebert 34,35 found that the hydrated oxide film transformed into
hydroxide and became an ohmic conductor with high conductivity at cathodic potential ~ -1.7
VSCE, resulting in higher cathodic charge and enhanced corrosion rate. Moon and Pyun36,37 studied
the electrochemical behavior of Al after prior cathodic polarization, showing that the observed
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enhanced corrosion rate was caused by the dissolution of native oxide film due to prior cathodic
polarization (and alkalization of the surface). However, both of their studies indicate that cathodic
charge changed the property of oxide film which in turn accelerate the corrosion rate. Here, we
wanted to show that the enhanced cathodic kinetics or corrosion rate is not limited in the Al alloy
system, but can be also extended to the other metals and alloys, of which Pt and SS were utilized
as two examples in this study.
Cathodic polarization curves of SS316L in three different solutions are shown in Figure
4.30a. Similar phenomenon observed with the Al alloys, SS316L showed enhanced mass transfer
limited cathodic kinetics in the presence of Al3+compared to that in 0.6M NaCl with natural pH,
and 0.6M NaCl with adjusted to the same pH, proving again that this enhancement was contributed
to the Al3+ ion, not only the low solution pH due to hydrolysis of Al3+. However, it is still difficult
to distinguish the ORR limiting current density from effects on HER. Another group of cathodic
polarization curves of Pt in the three same solutions as SS 316L tests, plus one additional test of
0.3M NaCl+0.1M AlCl3 in deaerated solution, are displayed in Figure 4.30b. Because the ilim in
0.6M NaCl pH=5.6 for Pt is attributed to ORR only, this can be utilized to distinguish HER
diffusion limited potential region from ORR one in both 0.6M NaCl pH=3, and 0.3M NaCl+0.1M
AlCl3 quiescent solutions: 0.2 VSCE~-0.3 VSCE is attributed to ORR, and -0.5 VSCE~-0.9 VSCE is
attributed to HER. It is clearly seen that the ilim pertinent to ORR in both 0.6M NaCl pH=3.01 and
0.3M NaCl+0.1M AlCl3 solutions were almost identical to that in 0.6M NaCl with natural pH,
proving that adding Al3+ has negligible effect to ORR related diffusional cathodic kinetics. By
comparing ilim in 0.3M NaCl+0.1M AlCl3 quiescent and deaerated solutions, one can see that: ilim
in deaerated solution was only about 40% of that in quiescent solution, since the reduced ORRrelated current density resulted in a lower total current density due to deaeration. However, ilim
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pertinent to HER was still about 40 times higher than that in 0.6M NaCl with same pH, proving
that Al3+ is the dominant factor contributing significant enhancement in HER diffusional cathodic
kinetics. This finding also implies that the interaction between Al3+ and native oxide film on the
Al alloy surface is not the contributing factor to the enhancement of cathodic kinetics, but the
change in solution property is the one when introducing Al3+ into NaCl system.
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Figure 4.30: Comparison of cathodic polarization curves of a) SS316L, and b) Pt in 0.6M NaCl
(natural pH), 0.6M NaCl (pH=3.01), and 0.3M NaCl+0.1M AlCl3 (pH=3.01, additional test in
deaerated solution for Pt).

4.5.4 Discussions
According to Fick’s 1st Law, the theorical diffusion limited current density assuming onedimensional diffusion can be expressed as

ilim,theoretical =

nFD(Cbulk − Csurface )

(4.3)



where n is the number of electrons transferred during electrochemical reaction, D is the diffusivity
of reacting species, Cbulk and Csurface are the concentration of reacting species at the bulk solution
and electrode surface respectively, and 𝛿 is the diffusion layer thickness. In this section, a
deconstruction of Equation 4.3 will be performed to target the dominant parameter controlling the
increased HER related diffusion current density.
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4.5.4.1 Formation of Aluminum Oxide/Hydroxide Film on the Surface as Diffusional Barrier
to HER
A very thin layer of white film was formed after cathodic polarization of Pt in Al3+
containing solution, and SEM/EDS was then utilized to look at the film morphology and
composition. Typical SEM and EDS images of Pt after cathodic polarization in 0.3M NaCl+0.1M
AlCl3 are displayed in Figure 4.31. In SEM image, the film consists of loosely packed irregularly
shaped flakes, and the composition of film consists of Al and O, implying some type of aluminum
oxide/hydroxide was formed on the Pt surface, Lin and Hebert34 found that aluminum hydroxide
can be existed on the Al surface even in an acidic environment (0.1M HCl). However, the detailed
composition and chemical structure of this film is beyond the study scope in this work.

(a)

(b)

(c)
(d)
Figure 4.31: a) SEM image , b) layered EDS map, c) O elemental EDS map and d) Al elemental
map of film covered on the Pt surface after cathodic polarization in 0.3M NaCl+0.1M AlCl3
solution.
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To discern the role of this film in mass transfer limited cathodic kinetics, continuous
cathodic polarization measurement was performed on Pt in 0.3M NaCl+0.1M AlCl3, in which after
one scan, Pt was allowed to rest in the test solution for 5mins, and then scan from OCP to the final
potential was conducted. This procedure was repeated three times. The measured cathodic
polarization scans are shown in Figure 4.32. After the formation of aluminum oxide/hydroxide
film on the surface during the 1 st scan, both ilim at ORR region and HER region were decreased,
which indicates that the formed film is diffusional barrier to both ORR and HER. According to
Equation 4.3, the real diffusion layer thickness  =  natural _ convection +  film , where  natural _ convection

38–40

is the critical natural convection boundary layer thickness in quiescent solution, and  film is the
film thickness. Once film forms the surface, the diffusion layer thickness increased from

 natural _ convection to  natural _ convection +  film , resulting in a lower limiting current density. However, both
ilim, ORR and ilim, HER were almost the same in 2 nd and 3rd scan, which implies that the film covered
Pt surface might not be a good substrate for future film deposition such that the accumulation of
film thickness was negligible after the 1st scan.
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Figure 4.32:Repeated cathodic polarization scans of Pt in 0.3M NaCl+0.1M AlCl3.
4.5.4.2 Mechanism of Enhanced Proton Diffusivity (Grotthuss Mechanism)
To investigate the diffusivity of the proton in the Al3+ -containing solution and compare it
with that in purely acidified NaCl solution, RDE tests were performed on Pt in both 0.6M NaCl
pH 3.01 and 0.3M AlCl3+0.1M AlCl3 (pH=3.01) with rotation speeds of = 100, 200, 500 and 1000
rpm (Figure 4.33). Reference potentials of =-0.7 VSCE and -0.8 VSCE were selected for NaCl, and
NaCl+AlCl3 solutions respectively to develop Levich analysis41. Levich plots for Pt in these two
solutions are shown in Figure 4.34. Based on the fitting, the expression of Levich equation for
each solution are: ilim (at -0.7 VSCE)= 0.00454+0.00153*  0.5 for 0..6M NaCl (pH=3.01) solution,
and ilim (at -0.8 VSCE)= 0.00454+0.00153*  0.5 for 0.3M NaCl+0.1M AlCl3. Because Levich
equation is expressed as

ilim = 0.620  nFDH + 2/3 −1/6CH +  0.5

(4.4)
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where D is the diffusivity of proton at 25oC, υ is the kinematic viscosity of solution, CH+ is the
bulk concentration of proton assuming fast HER at the electrode/electrolyte interface such that
Csurface, H+ is zero. and  is the rotation speed of the RDE. Assuming two solutions have the same
υ and CH+, the ratio of slope in each Levich expression is equal to

[

DH + ( Al 3+ )
3+

DH + ( no Al )

]2/3 =

1.53 E − 3
1.781E − 4

(4.5)

Hence DH + ( Al 3+ ) : DH + (no Al 3+ ) is about 25, which means diffusivity in Al3+ containing solution
is 24 times higher than pure NaCl solution under the same pH value.
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Figure 4.33: RDE tests of Pt in both 0.6M NaCl pH3.01 and 0.3M AlCl3 +0.1M AlCl3 (pH=3.01)
with rotation speed= 100, 200, 500 and 1000 rpm respectively.
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Figure 4.34: Levich Plots for Pt in 0.6M NaCl pH3.01 and 0.3M AlCl3+0.1M AlCl3 (pH=3.01).
A mechanism based on Grotthuss Theory42,43 is proposed to explained the large increased
proton diffusivity in Al3+ containing solution. In this theory, proton transport along chains of
hydrogen bonds in water involving hopping or tunneling of the proton from one molecule to the
next. In pure acidified NaCl solution, the transport of proton can be illustrated in Figure 4.35a.
Protons from the bulk solution, move along the proton chains in water system, and reach the
electrode surface to undergo reaction. The Grotthuss Theory can be also applied into Al3+
containing solution44. When Al3+ is introduced into the system (Figure 4.35b), for example, the
Al3+ coordinates with O at location 1), such that the center of electronic cloud moves from the O
toward Al3+, such that the bonding energy between O and H is lower than in Figure 4.35a. As a
result, the proton will transport more easily in Al3+ containing solution, leading to a higher
diffusivity.
Lastly, a brief comparison is illustrated to explain why Al3+ has distinct effect from
Zn/Mg2+ in terms of cathodic kinetics of Al alloys. Hydrolysis of Al3+ can easily occur in water-
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based solution, providing excessive proton and resulting in acidic solution environment according
to Equation 4.2. However, the hydrolysis of either Mg2+ or Zn2+can only occur to a small degree
before massive precipitation reaction taking place. The stability constants45 (𝑙𝑜𝑔10 𝛽) to form
Al(H2O)5(OH)2+, Mg(OH)+ and Zn(OH)+ which are major species from hydrolysis reaction in
corresponding water-based solutions are:- 4.95, -9.00, and -39.82 respectively. It should be noted
that more positive stability constant indicates more availability of hydrolysis product as well as
proton, thus it explains why Al3+ solution is more acidic to Zn/Mg2+ solution (e.g., pH for 0.3M
NaCl+0.1M AlCl3 is 3, that for 0.6M NaCl +0.1M ZnSO4 is 5.5, and that for 0.6M NaCl+0.1M
MgSO4 is 5.8) and HER is the dominant reaction in Al3+ solution but ORR is the one in Zn/Mg2+
solution due to solution pH difference at the same cation concentration. Furthermore, suppose one
adjusts the pH of Zn/Mg2+ solution same as Al3+ solution assuming identical metallic cation
concentration, due to the relatively low value of stability constant of both Mg(OH) + and Zn(OH)+
compared to Al(H2O)5(OH)2+, the availability of Mg(OH)+ and Zn(OH)+ in each pertinent solution
is too rare to substantially affect the bonding energy between hydrogen and oxygen in the water
molecules among a large scale according to Grotthuss Theory, thus contribution to increased
proton diffusivity by adding Zn/Mg2+ is negligible compared to Al3+. To summarize, Al3+ can
promote cathodic kinetics of Al alloy due to large stability constant of major hydrolysis product
Al(H2O)5(OH)2+ as well as significantly increased proton diffusivity based on Grotthuss Theory.
Based on this framework, one can infer that Fe3+ would show the similar behavior as Al3+ which
can promote HER cathodic kinetics, whereas the behavior of Fe2+ would resemble Zn2+/Mg2+
which can inhibit ORR cathodic kinetics, since the stability constants45 of major hydrolysis product
FeOH2+ (from Fe3+ solution) and FeOH+ (from Fe2+ solution) are -2.38 and -9.32 respectively.
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a)

b)

Figure 4.35: Proton Transport in: a) purely acidified NaCl solution and b) Al3+ containing solution
based on Grotthuss Theory42,43.
4.5.5 Conclusions
The effect of Al3+ on the cathodic kinetics of Al alloys has been explored in this study. It
has been found that: addition of Al3+ into NaCl solution can significantly increase the diffusion
limited cathodic kinetics of Al alloys, and this increase is also proportional to [Al3+]. The same
phenomenon was also observed on Pt and SS316L, which indicates that this enhancement in
cathodic kinetics is not related the surface structure of Al alloy, and HER diffusion limited kinetics
are increased rather than ORR kinetics as a result. Based on rigorous electrochemical studies on
Pt, it shows that: according to the Grotthuss Theory in which Al3+ can facilitate transport of proton,
although addition of Al3+ can precipitate oxide/hydroxide film on Pt which acts as diffusional
barrier to HER during cathodic polarization, greatly enhanced proton diffusivity due to Al3+
158

overwhelms the barrier effect of precipitate film, and then significantly increases cathodic limiting
current density.
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4.6

Part 4: Effect of Solution Chemistry on Galvanic Coupling between AA7050-T7451

and SS316L: Experimental Approach and Modeling Validation
4.6.1 Introduction
Connections between aluminum (Al) alloy-based components and stainless steel (SS)
fasteners are frequently encountered in aircraft architecture. Such galvanic couple arrangements
exacerbate the corrosion susceptibility of Al alloy when a thin electrolyte is develops on the surface
during atmospheric exposure. The galvanic-coupling-induced corrosion damage can be alleviated
by applying a coating system in which the coating can provide corrosion prevention to mitigate
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the interaction between the Al alloy and SS fastener. There has been extensive research on the use
of metal-rich primers, such as magnesium-rich primer (MgRP)1–5 to provide sacrificial anodebased cathodic protection to prevent corrosion damage of the aluminum alloy substrates. At the
same time, metallic cations (Mg2+) produced from open circuit and sacrificial anodic dissolution,
as well as ions (Al3+, Zn2+) from the dissolution of the substrate (i.e., AA7050 under inadequate
protection of the primer due to coating breakdown), can diffuse into the solution and impact the
galvanic behavior between the Al alloy and SS fastener. The distribution of this pH across the
galvanic couple is crucial as pH is known to affect the electrode potentials of corroding interfaces6,
the speciation of ions, the formation of corrosion products7, and the thermodynamic driving force
for redox reactions8. There is a limited number of studies on the effect of relevant cation ions on
the galvanic corrosion between an Al alloy and SS fastener, and better understanding of this effect,
together with pH effect, can provide complementary information on the corrosion prevention
mechanism of these metal-rich primers.
In Part 2&3 of this chapter, the effects of Zn2+, Mg2+ and Al3+ on the cathodic kinetics of
AA7050 have been carefully studied. These two studies were used to illustrate the scenario in
which metal rich primer coated AA7050 substrate has no galvanic coupling with SS316L such that
metal richer primer is the anode and AA7050 subtract is the cathode, thus the pertinent metallic
cations come from either self-dissolution of AA substrate or anodic dissolution of the primer due
to sacrificial-anode protection. However, the objective of the study in this part is to study effect of
solution chemistry (metal cations and pH) on the galvanic coupling between SS316L and AA7050
without and with protection of MgRP (Figure 4.36).
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Figure 4.36: A schematic diagram to show the solution chemistry environment between a generic
SS316L fastener and MgRP coated AA7050-T7451.
4.6.2 Experimental Approach
4.6.2.1 Electrochemical Kinetics Measurements
Potentiodynamic polarization curve measurements were performed on AA7050-T7451,
SS316L and 99.99% pure Mg after 1hr open circuit potential measurement with scan rate =0.2
mV/s. Three types of test solutions were prepared: 1) 0.6M NaCl with adjusted pH=3, 4, and 5.5;
2) 0.6M NaCl+ 0.01, 0.05 and 0.1 M MgSO4, pH of each solution was adjusted to 3, 4, and 5.5
respectively; 3) 0.6M NaCl+0.005, 0.025 and 0.05M Al2(SO4)3 with adjusted pH=3. The latter two
types of solution were used to study the effect of metal cation (Mg 2+/Al3+) on the galvanic
corrosion between AA7050 and SS316L. These experimentally determined electrochemical
kinetics were used as boundary conditions in the modeling work.
4.6.2.2 Scanning Vibrating Electrode Technique (SVET)
Scanning vibrating electrode technique (SVET) was utilized to determine current
distribution at the galvanic coupling surface. SVET is a powerful technique to provide local current
map at the sample surface by measuring voltage drop in solution, the measured current density can
be expressed as9

𝑖 = −𝜅𝐸 = −𝜅

𝛻𝑉
𝛻𝑟

(4.6)
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The current density i between two points is a function of solution conductivity 𝜅, voltage difference
𝛻𝑉 and distance between two points 𝛻𝑟. In this study, scanning vibrating electrode measurements
were carried out using a probe with a 125 𝜇m diameter Pt micro-disc electrode. The probe vibration
frequency and amplitude were set at 140 Hz and 30± 5 𝜇m respectively. SVET was performed
above a galvanic coupling between SS316L and AA7050-T7451 with confined solution volume
(solution height=1cm). The galvanic coupling in which a round SS part was fixed at the center of
a square AA7050 coupon embedded in epoxy shown in Figure 4.37. SVET was tested in three
different solutions: 1) 0.6M NaCl pH=5.6; 2) 0.6M NaCl+0.1M MgSO4 with pH=4; 3) 0.6M
NaCl+0.05M Al2(SO)4 with pH=3.

Figure 4.37: Dimension of galvanic coupling between SS316L and AA7050-T7451 for SVET
measurements.
4.6.2.3 Characterizations
Optical microscope Hirox KH8700 was used to characterize the corrosion damage of
SVET samples after tests at the surface. Scanning electron microscope FEI LV 200 was utilized
to better characterize localized corrosion on the AA7050 in the vicinity of SS316L/AA7050
interface.
4.6.2.4 Secondary Current Distribution Modeling
A 2-D steady state secondary current distribution model with Laplace’s Equation as
governing equation was applied to simulate potential and current density distributions at the

164

surface of galvanic coupling between SS316L and AA7050 with and without interaction of MgRP.
Two sets of modeling studies were performed: 1) SS316L and AA7050 galvanic coupling only
(Figure 4.38a), and 2) half of galvanic coupling was covered by MgRP (Figure 4.38b). In this
model, two assumptions were made: 1) solution conductivity was maintained at 5.5 S/m all the
time; 2) MgRP was considered as pure Mg. Experimentally determined electrochemical kinetics
mentioned previously were used as boundary conditions. Details of mathematical development in
this modeling framework have been discussed in previous chapters.

(a)
(b)
Figure 4.38: a) Geometry setup for the 1st set of modeling, typical of SVET sample’s geometry;
b) geometry setup for the 2nd set of modeling, the dimension was identical to a), but half of the
surface was covered by MgRP.
4.6.3 Results and Discussions
4.6.3.1 Determination of Appropriate pH Range for Test Solutions
Distributions of pertinent stable species as a function of pH during metal cation hydrolysis
were generated for Mg2+ (Figure 4.39a) and for Al3+ (Figure 4.39b) by OLI software. It shows that
when pH>5.5, more than 50% of [Mg2+] precipitates out as Mg(OH)2, whereas Al3+ is
overwhelmed by different hydroxyl-aluminum species once the pH was beyond 4. As a result, in
order to accurately determine the effect of Mg2+/Al3+, pH range from 3 to 5.5 was chosen for 0.6M
NaCl+MgSO4 and pH=3 was chosen for 0.6M NaCl+Al2(SO4)3.
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Figure 4.39: Distributions of pertinent stable species as a function of pH during metal cation
hydrolysis were generated for a) Mg2+ and b) for Al3+by OLI software.
4.6.3.2 Galvanic Coupling Current Density as a Function of Cation Concentration and pH
Comparisons of polarization curves of SS316L and AA7050 as a function of Mg2+
concentration for different pHs are shown in Figure 4.40a-c. Assuming cathode-to-anode area ratio
is 1:1, the interaction between cathodic and anodic polarizations defines the galvanic current
density (igalvanic), a plot in which galvanic coupling current density (igalvanic) vs. [Mg2+] for different
pH is displayed in Figure 4.40d based the information from Figure 4.40a-c. It shows that: higher
pH (pH=4 and 5.5) experienced lower igalvanic than lower pH (pH=3) for every [Mg2+]. When pH=3,
igalvanic was almost constant (~5.6E-5 A/cm2) till [Mg2+] =0.01M, and then increased to ~ 7.8E-5
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A/cm2 at [Mg2+]=0.05M before decreasing to ~6.9E-5 A/cm2 at [Mg2+]=0.1M. As for higher pH
group, igalvanic steadily decreased over [Mg2+]: igalvanic= ~2.7E-5 A/cm2 for pH=5.5 and =~1.5E-5
A/cm2 for pH=4 at [Mg2+] =0, and then igalvanic decreased to ~1.3E-5 A/cm2 for pH=5.5 and to
~7.5E-6 A/cm2 for pH=4 at [Mg2+]=0.1M. It is also noticed that pH=4 had lowest igalvanic at all
[Mg2+]. It can be concluded that: galvanic corrosion inhibitive effect of Mg2+ can be only effective
when pH was between 4 and 5.5 (mild acidic environment); Mg2+ showed the most inhibitive effect
at pH=4 among all pHs from 3 to 5.5 and its effect became more significant as [Mg2+] increased.
For the effect of Al3+, comparisons of polarization curves of SS316L and AA7050 as a
function of [Al3+] at pH=3 are shown in Figure 4.41a. polarization curves of SS316L and AA7050
at neutral 0.6M NaCl (pH=5.6) are also displayed as reference to compare with those at pH=3. It
is clearly seen that: cathodic kinetics of SS316L increased with increasing [Al3+] due to enhanced
hydrogen-evolution-reaction (HER) related kinetics discussed in Part 3 of this chapter; the E corr of
AA7050 showed the same trend as Figure 4.23. Following the same routine, igalvanic vs. [Al3+] was
plotted in Figure 4.41b. igalvanic doubled when 0.6M NaCl was acidified from 5.5 to 3 with no [Al3+],
and it then became twice higher than that for 0.6M NaCl pH=3 when only 0.005M Al2(SO4)3 was
added into 0.6M NaCl. However, the increase in igalvanic became steadily once the [Al3+]> 0.05M,
although the highest igalvanic at [Al3+] =0.1 M was still about 5 times that at 0.6M NaCl pH=3. It
can be concluded that: [Al3+] showed promotive effect on galvanic corrosion largely due to
enhanced HER cathodic kinetics at acidic environment, and the promotive effect increased with
increasing [Al3+].
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Figure 4.40: Comparisons of polarization curves of SS316L and AA7050 as a function of [Mg2+]
at a) pH=5.5, b) pH=4 and c) pH=3; d) comparison of galvanic coupling current density vs. [Mg2+]
for different pHs.
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Figure 4.41: a) Comparisons of polarization curves of SS316L and AA7050 as a function of [Al3+]
at pH=3; b) comparison of galvanic coupling current density vs. [Mg 2+] at pH=3.
4.6.3.3 SVET Measurements and Microscope Characterizations to Compare Corrosion
Damages in Different Solution Environments
Based on the electrochemical kinetics study, both Mg2+ and Al3+ showed maximum
inhibitive/promotive effect when their concentration was 0.1M. To compare the galvanic damage
in different solution chemistry environments, SVET measurements were performed in (1) 0.6M
NaCl pH=5.6; (2) 0.6M NaCl+0.1M MgSO4 with pH=4; (3) 0.6M NaCl+0.05M Al2(SO)4 with
pH=3. The corresponding SVET measurements over time in these solutions are shown in Figure
4.42-Figure 4.44 respectively. In the SVET measurement, red color indicated anodic current
density whereas blue represented cathodic current density. The black circle in each SVET
measurement result represented the location of SS part artificially.
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Figure 4.42: SVET measurement in 0.6M NaCl pH=5.6 solution at a) 0 hrs, b) 3.2 hrs, c) 3.3 hrs,
d) 3.5 hrs, and e) 24hrs. f) optical micrograph of galvanic coupling after 24hr-SVET measurement.

Figure 4.43: SVET measurement in 0.6M NaCl+0.05M Al2(SO4)3 pH=3 solution at a) 0 hr, b) 2
hrs, c) 3.2 hrs, d) 7 hrs, and e) 24 hrs. f) optical micrograph of galvanic coupling after 24hr-SVET
measurement.
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Figure 4.44: SVET measurement in 0.6M NaCl+0.1M MgSO4 pH=4 solution at a) 0 hr, b) 6 hrs,
c) 12 hrs, d) 18 hrs, and e) 24 hrs. f) optical micrograph of galvanic coupling after 24hr-SVET
measurement.
From the SVET measurements, it can be seen that: in 0.6M NaCl (pH=5.6) solution (Figure
4.42), anodic current density peaks only appeared in a few discrete small localized areas and peak
magnitude decayed over exposure time; in 0.6M NaCl+0.05M Al2(SO4)3 solution (Figure 4.43),
much higher anodic current peaks spread over a larger area around the SS316L/AA7050 interface
at the early stage, and then decayed dramatically over time but still more intensive than neutral
NaCl solution. The optical micrograph in Figure 4.43f indicates a number of corrosion fissures
distributed around the interface area; in 0.6M NaCl+0.1M MgSO4 solution (Figure 4.44), anodic
current peaks barely appeared during the entire immersion time. The following SEM images
shown in Figure 4.45 provided better characterization of corrosion damages on the AA7050
surface. For 0.6M NaCl (pH=5.6) environment, a few corrosion fissures were distributed near the
interface, and lots of small corrosion pits were distributed in the bulk part; for the 0.6M
NaCl+0.05M Al2(SO4)3 environment, larger corrosion fissures were distributed on the AA7050
surface with increasing number of density when the distance was closer to the interface; however
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for 0.6M NaCl+0.1M MgSO4 environment, barely any corrosion features appeared in either
interface or bulk part. These combined characterization studies confirmed that Al3+ in acidic
environment promoted galvanic corrosion damage, whereas Mg 2+ in mild acidic environment
inhibited galvanic corrosion damage between SS316L and AA7050 without coated MgRP.

(a)

(b)

(c)

Figure 4.45: SEM characterizations of corrosion damage on the surface in the vicinity of
SS316L/AA7050 interface after 24-hr SVET tests for a) 0.6M NaCl pH=5.6, b) 0.6M NaCl+0.05M
Al2(SO4)3 pH=3, and c) 0.6M NaCl+0.1M MgSO4 pH=4.
4.6.3.4 FEM Modeling Study to Show the Effect of Solution Chemistry on the Galvanic
Corrosion distributions
Modeling studies here are aimed to compare with SVET measurement results for bare
SS316L/AA7050 galvanic couple shown Figure 4.38a and extend this modeling work to predict
the current density distribution for the SS316L/AA7050 galvanic couple with half surface coated
by MgRP shown in Figure 4.38b (which has not been studied experimentally yet).
For the bare galvanic coupling configuration, the boundary conditions used in the
simulation or this configuration are displayed in Figure 4.46, which are cathodic kinetics of
SS316L and anodic kinetics of AA7050 in three SVET test solutions. Comparison of current
density distributions in three different solution environments along the distance from center to the
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edge is displayed in Figure 4.46b. Current density along either SS or AA was almost constant in
all solutions, and the magnitude of anodic current density along AA7050 followed this order: 0.6M
NaCl+0.05M Al2(SO4)3 > 0.6M NaCl pH=5.6 > 0.6M NaCl+0.1M MgSO4. The average anodic
current density for Al3+ containing solution was about 60 times higher than the neutral NaCl
solution, and 240 times higher than the Mg2+ containing solution. To validate the modeling
prediction, A comparison of average anodic current density (ianodic,avg) over the entire AA7050
surface by SVET as a function of immersion time in three solutions is shown in Figure 4.47a. It
can be seen that: Al3+ containing solution had the highest ianodic,avg at the very beginning before
experiencing a sharp decrease and then reaching a plateau over time; neutral NaCl solution had
increase in ianodic,avg in the first 3hrs and then showed the same tendency as Al3+ containing solution;
Mg2+ containing solution however barely displayed any anodic current density over the entire
immersion time. It should be noted here that: steady state modeling results predicted nearly
constant current density distribution over time whereas SVET measurement showed decays in
ianodic,avg over time. One can explain this discrepancy as follows: during SVET test, due to the
change in solution chemistry and build-up of corrosion product, the measured ianodic,avg thus
decreased with time, whereas modeling work used electrochemical kinetics as boundary conditions
which assumed solution chemistry environment was constant over time, resulting in constant
ianodic,avg from modeling prediction. Nevertheless, if the maximum ianodic,avg from SVET was
compared with modeling prediction for three different solutions (Figure 4.47b), one can see that
the modeling prediction compared well SVET results. Both modeling and experimental results
showed that addition of Al3+ resulted in the most severe corrosion damage, and Mg2+ resulted in
the least severe corrosion damage.
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Figure 4.46: a) Boundary conditions used for bare galvanic coupling configuration shown in
Figure 4.38a in three different SVET test solutions; b) comparison of current density distributions
along the distance from the SS rod center to the AA7050 edge in three different solutions.
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Figure 4.47: a) Comparison of average anodic current density from SVET as a function of
immersion time for three different solutions; b) comparison of maximum anodic current density
between modeling prediction and SVET results for three different solutions.
As for half-coated galvanic coupling configuration, potential distribution rather than
current distribution provided more useful information to discern the protective abilities of MgRP
in three different solutions. Boundary conditions used in each solution are displayed in Figure
4.48a-c. Potential distributions along the distance from the left edge of MgRP to the right edge of
AA7050 (Figure 4.48d) for three different solutions are shown in Figure 4.49a. One can see that
Al3+ containing solution had the most positive potential ~-0.78 VSCE, followed by Mg2+ containing
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solution (~-1.17 VSCE) and neutral NaCl solution (~-1.25 VSCE). If these potential values were
labelled in the electrochemical kinetics (boundary conditions) diagrams shown in Figure 4.49b-d,
one can see that potential of AA7050 almost reached its corrosion potential, indicating AA7050
was least protected by MgRP in Al3+ containing solution (Figure 4.49c); There was a little
difference in terms cathodic overpotential of AA7050 between Mg2 containing solution (Figure
4.49d) and neutral 0.6M NaCl (Figure 4.49b). The second type of modeling study indicates that
Al3+ could interfere the performance of MgRP and resulted in the least protection to AA7050.
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Figure 4.48: Boundary conditions for half-coated galvanic coupling in a)0.6M NaCl pH=5.6, b)
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Figure 4.49: a) Potential distributions along the distance from the left edge of MgRP to the right
edge of AA7050 (Figure 4.48d) for three different solutions; display of the simulated potential on
AA7050 (dashed line) over the electrochemical kinetics diagram in b)0.6M NaCl pH=5.6, c) 0.6M
NaCl+0.05M Al2(SO4)3 pH=3, and d) 0.6M NaCl+0.1M MgSO4 pH=4.
4.6.4 Conclusions
This combined experimental and modeling study investigated the effect of Mg 2+, Al3+ and
pH on the electrochemical and galvanic corrosion distributions in the AA7050/SS316L system
without and with MgRP. It can be concluded that:
•

Addition of Al3+ or Mg2+ into NaCl solution significantly affects galvanic corrosion
between AA7050/SS316L. Al3+ is corrosion accelerator since it can boost both the cathodic
kinetics of cathode SS and corrosion rate of AA7050 , and Mg2+ is corrosion inhibitor due
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to its inhibition effect on both cathodic kinetics of cathode SS and corrosion rate of
AA7050.
•

pH affects the inhibitive effect of Mg2+: corrosion inhibitive effect is the most significant
in pH=4.

•

Promotive/inhibitive effect of cation increases with cation concentration.

•

The addition of Al3+ mitigates the protection of AA7050 from MgRP, and brings the
potential up to near-OCP region of AA7050.
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5. The Effect of Materials Properties (Oxide Film Composition and Thickness)
on the Corrosion Kinetics of the Materials Involved in the Galvanic Couple
Summary:
From the study in previous chapters, cathodic kinetics of SS316L cathode is the dominant
factor affecting the galvanic coupling current density and galvanic coupling potential based on
Mixed Potential Theory assuming cathode-to-anode area ratio equal to 1:1, due to its large
diffusion limited potential window. Materials properties, especially surface properties such as
passive oxide film composition and thickness of stainless steel can further impact its diffusion
limited cathodic kinetics together with the other variables (electrolyte layer thickness, solution
chemistry and etc.). Although there are several previous studies in literature to illustrate the
qualitative relation between oxide film composition and cathodic kinetics of stainless steel, they
fail to develop a thorough quantitative description of the dependence of cathodic limiting current
density on the content of pertinent element(s) in oxide film and oxide film thickness. The purposes
of the study in this chapter are: (1) to delineate the condition at which the effect of oxide film
becomes comparable to that of electrolyte layer thickness for the diffusion limited cathodic kinetics
of SS in a simulated thin film electrolyte environment; (2) to develop a quantitative description
between oxide film thickness and cathodic limiting current density; (3) to investigate the
dependence of oxide film properties on the diffusion limited cathodic kinetics for two types of
stainless steels with different alloying element contents.
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5.1

Abstract
In a typical galvanic coupling between AA7050 and SS316L, the cathodic kinetics of

SS316L can significantly impact the galvanic corrosion damage due to the fact that the galvanic
coupling potential is always located at diffusion limited potential range of SS316L. This study is
aimed at investigating the effect of surface treatment, oxide film thickness, and oxide film
composition at different pre-oxidation potentials on the cathodic kinetics especially ORR kinetics
of stainless steel. The study was performed by a number of electrochemical (RDE, CV,
chronoamperometry and EIS) techniques and XPS surface analysis. From this study, it shows that
the cathodic kinetics of SS at ORR potential region is determined by a combined effect of oxide
film composition, film thickness and resistivity as well as the competition over cathodic limiting
current density between oxide film and electrolyte layer thickness.
5.2

Introduction
Stainless steels (SS) are considered as good candidate materials for a variety of functional

and structural applications in automotive, aviation & aerospace, energy, and construction
industries. However, corrosion issues always come along with the application of stainless steel in
these areas, and limit its service lifespan. One of critical corrosion factors is oxygen reduction
reaction (ORR). When SS experiences localized corrosion such as pitting or crevice corrosion, the
propagation of corrosion within the cavity is largely supported by the SS outside the cavity as
external cathode where ORR takes place1–4. Another corrosion scenario where ORR can be a
controlling factor to the degree of corrosion damage is galvanic corrosion, especially when the
galvanic coupling potential is located within of diffusion limited cathodic potential region of
cathode SS, this is frequently occurred in the galvanic coupling system such as aluminum alloy
(AA)/SS5–7, and Zinc or Zinc alloy/SS8–11. Development of a thorough understanding of the
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electrochemical role of SS in the corrosion system can help come up with pertinent mitigation
strategy to reduce its susceptibility to localized corrosion damage.
When a typical stainless steel is exposed to atmosphere, a protective passive oxide film is
usually formed to resist further oxidation of bulk steel. This inherent mild corrosion resistance
comes from the oxidation of the major alloying element chromium and some other elements 12,13.
The composition and structure of this passive oxide film is complicated, and there is numerous
literature research effort for it. As for the chemical composition and structure, a number of
researchers13–20 indicated that the oxide film has bilayer structure in which the outer layer consists
of iron and nickel oxide whereas the inner layer is enriched in chromium oxide. However Marcus
and his coworkers21–23 argued that a stable passive film should have bilayer structure with
chromium hydroxide as outer layer and mixed chromium and iron oxides as inner layer, and this
argument is also supported by Phadnis et al.24 and Raja et al.25 The properties of oxide film on SS
can further impact its electrochemical kinetics, especially ORR kinetics concerned in this study.
In neutral solution, oxygen reduction reaction (ORR) has two pathways26,27: (1) direct
reduction via 4-electron transfer

O2 + 2 H 2O + 4e − → 4OH −
or (2) two-step indirect reduction via 2-electron transfer at each step
O2 + 2 H 2O + 2e − → H 2O2 + 2OH −

(5.1)

(5.2)

(5.3)
H 2O2 + 2e − → 2OH −
The type of ORR pathway is highly dependent on the oxide film property of steel. Early studies
for pure iron showed that: 2-electron pathway proceeds with passive/oxide-covered iron whereas
bare/oxide-free iron undergoes 4-electron pathway27–29, and the number of electron transferred is
also dependent on the potential27.However, Jovancicevic and Bockris28 indicated that ORR rate is
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higher on passive iron surface than bare iron one due to the catalytical effect of oxide film on ORR
(e.g., ORR current was about 100 times higher at pH=7), whereas Zecevic et al.27 argued that ORR
rate is faster for the less oxidized or pre-reduced iron surface than passivated surface due to more
Fe2+ sites available at less oxidized surface. As for stainless steel, Le Bozec et al.21 investigated
the dependence of ORR on the surface treatment for SS 316L and 904L, and found that ORR rate
is highest on cathodically pre-reduced surface, followed by mechanically polished surface and then
anodically passivated surface, the surface chemically treated with HF/HNO3 has the lowest ORR
rate. On pre-reduced and polished surface, ORR follows the 4-electron, and a combined 4-electron
and 2-electron pathways respectively, and they are both under mass-transfer limited control. On
passivated surface, the pathway had been not clear (which might be different from passivated iron)
and implied that it might be dependent on the presence of Fe(III) oxides and the resultant number
of Fe (II) sites after Fe(III) reduction, but ORR is lower due to limited access of the oxygen to the
electrode/oxide interface or change in film conductivity. The chemical treated surface however
impedes the ORR due to possible lack of iron oxide to support ORR. Gojkovic et al.30 also
indicated that the discrepancy in ORR rate between stainless steel and iron especially at passivated
state is Cr-enriched oxide film structure of stainless steel which results in lower content of Fe oxide
assuming ORR takes place only at Fe oxide, this discrepancy leads to a lower ORR current density
on SS.
However, there has been rare number of studies focusing on a quantitative relation among
oxide film composition, oxidized potential and ORR kinetics for different types of stainless steels.
Furthermore, little or no previous studies have developed a quantitative description between oxide
film thickness and ORR-related cathodic limiting current density. In this chapter, three different
types of studies were performed: (1) rotating disk electrode (RDE) technique was applied to
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investigate the effect of surface treatment on the ORR cathodic kinetics; (2) a number of
electrochemical methods were utilized to study the effect of pre-oxidation potential on the ORR
kinetics between SS304L and SS316L, and surface characterization technique X-ray photoelectron
spectroscopy (XPS) was applied to determine the oxide film composition at each pre-oxidation
potential to correlate this information to electrochemical characterization.
5.3

Hypothesis
For the surface treatment, SS treated by NHO3 should have lowest cathodic limiting current

density since it has the thickest oxide film created by HNO3; for the oxide film composition study,
the cathodic kinetics due to ORR should be higher for SS316L at all the potentials since it has Mo
in the oxide film which has catalytic effect on ORR based on literature.
5.4

Methodology

5.4.1 Effect of Surface Treatment
5.4.1.1 Surface Treatment
Three different surface treatments were performed on SS316L prior to RDE test: (1)
cathodically pre-reduction at -1 VSCE for 10 mins; (2) 1.5-hr immersion at open circuit potential
(OCP) in 0.6M NaCl solution; 3) chemical treatment with HNO3 on the surface for 1hr. For surface
treatment (3), the sample surface was then rinsed with ethanol followed by de-ionized water.
5.4.1.2 RDE Test
RDE tests were performed for Pt, and SS316L disk electrodes with three different surface
treatments mentioned above in 0.6M NaCl solution. The RDE cell configuration was described in
Chapter 3. Cathodic polarization measurements were performed for each sample at 0.2 mV/s scan
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rate after 1hr OCP, starting from 0.05 V above OCP and ending at -1.2 VSCE with rotation speed
ranging from 10 to 1440rpm.
5.4.2 Comparative Study of Effect of Pre-Oxidation Potential Between SS316L and SS314L
5.4.2.1 Materials Preparation
304L and 316L stainless steel test coupons were both cut from the 3”x 5” plates acquired
from McMaster Carr. These coupons were polished up to a 1200 grit surface finish with silicone
carbide paper, and then rinsed with acetone and deionized water (18.1 MΩ ∙cm, <5 ppb TOC)
respectively, followed by using zero grade compressed air to dry the surface. The composition of
these two types of stainless steels are listed in Table 5.1.
Table 5.1: Composition of SS304L and SS316L in Atomic Weight Percent (%)
SS304L
SS316L

Cr
19.01
17.23

Ni
8
10.16

Mn
1.27
1.75

Mo
N/A
2.25

Si
0.35
0.46

N
0.053
0.071

P
0.030
0.039

C
0.021
0.019

S
Fe
0.001 Balance
0.028 Balance

5.4.2.2 Electrochemical Test
All the experiments were measured by a Gamry Ref 600 Potentiostat. Gamry Framework and
Gamry Analyst software were used to monitor the measurements and perform EIS data fitting
respectively. Since two different reference electrodes were used, all the potentials were converted
in terms of SCE for better comparison of experimental results. It should be noted that the potential
difference between saturated Hg/HgSO4 and saturated calomel electrode is 0.4V.
For the determination of cathodic kinetics of two types of SS coupons, the WE surface was
pre-reduced at -1.0 VSCE for 30mins before 1hr open circuit potential (OCP) measurement, then
followed by cathodic scan starting at OCP and ending at -1.0 VSCE with a scan rate= 0.5 mV/s. The
cathodic polarization curve measurements were performed in both 0.3 M Na2SO4 and 0.6M NaCl
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respectively. The purpose of this comparison was to ensure the mass transfer limited cathodic
current density (kinetics) due to oxygen reduction reaction (ORR) in these two solutions were
nearly identical. The anodic kinetics of these two types of SSs were only measured in 0.3M
Na2SO4 after 1 hr OCP measurement, starting from OCP to 2 V SCE at the same scan rate. The
purpose of measuring anodic kinetics is to determine the passive/transpassive region of two SSs
in chloride-free solution environment.
In potentiostatic experiment, the SS coupons were held at different anodic oxide potentials
equal to 0, 0.4, 0.9 and 1.4 VSCE as well as corrosion potential individually for 2 hrs. after 30 mins
cathodic pre-reduction at -1.0 VSCE . Each of these samples was taken out of the electrochemical
cell immediately right after the galvanostatic experiment and put into XPS chamber within 10mins
for post characterization of oxide film properties at different oxidation potentials, in order to
mitigate the formation of unwanted air-formed passive oxide film on the SS surface.
In cyclic voltammetry experiment, after 30mins cathodic pre-reduction, the SS samples
were initially charged at different anodic oxidation potentials same to the above potentiostatic
experiment for 2hrs, and then scanned to -1 VSCE in negative direction before scanning back to the
corresponding anodic oxidation potential in the positive direction, at scan rate equal to 0.5 mV/s
for three times. The plots for post analysis were taken from the last cycle.
For the EIS experiment setup, the SS samples again experienced 30-min cathodic prereduction followed by 2-hr potentiostatic hold at different anodic oxidation potentials, then the EIS
experiment was performed at each anodic oxidation potential, in the frequency range from 10 kHz
to 5 mHz at 10 points per decade and a 10 mV AC amplitude around the anodic oxidation potential.
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5.4.2.3 XPS Characterizations
For XPS surface analysis, a PHI VersaProbe III spectrometer was used with a Mg K𝛼 Xray source (1253.6 eV) and 55eV pass energy. Survey spectra were firstly performed in order to
identify major elements appeared on the oxide film formed at different oxidation potentials: Fe 2p,
Cr 2p, Ni 2p, Mo 3d, and O 1s. Then the depth profiles at different sputtering time intervals were
monitored in order to obtain distributions of pertinent elements across the surface layer at a given
sputtering time period equal to 360 seconds (6 mins) with Ar+ energy of 3 keV over a 3 x 3 mm2
area.
5.5 Results and Discussions
5.5.1 RDE Studies to Investigate the Effect of Surface Treatment on ORR Cathodic Kinetic
Cathodic polarization curves of Pt (reference material), and SS316L with three different
surface treatments are shown in Figure 5.1a-d. Cathodic kinetics especially ORR diffusion limited
cathodic kinetics of Pt were used as upper limit values for those of SS316L in this study.
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Figure 5.1: Cathodic polarization curves of a) Pt, b) cathodically pre-reduced SS316L, c) 1.5-hr
OCP treated SS316L and d) chemical treated SS316L in 0.6M NaCl as a function of rotation speed.
A reference potential =-0.85 VSCE at ORR diffusion limited potential region for all
electrodes is selected to make Levich plot in which cathodic limiting current density (ilim) at the
selected reference potential vs. reciprocal of boundary layer thickness for Pt and SS316L of
different surface treatments (Figure 5.2). The details of Levich analysis is discussed in Chapter 3.
Additionally, theoretical lines based on Fickian 1st law are also shown in Figure 5.2: solid line
represents ORR via 4-electron transfer, and dash line represents that via 2-elcectron transfer. It can
be seen that Pt data all falls on the solid line, indicating 4-electron ORR took place on Pt. When
the simulated electrolyte layer >= 36 𝜇m, ilim for all the electrodes align along the solid line, which
infers 4-electron ORR took place on all the electrode surfaces, and electrolyte layer thickness was
still the dominant factor controlling the ilim; Once the electrolyte layer < 36 um, there is discrepancy
in ilim between Pt and all the SS316Ls, and discrepancy becomes larger as the electrolyte layer
continues to decrease. For SS316L, the degree of deviation from Pt at thinner electrolyte layer
regime follows this order: cathodic-preduction< 1.5-hr OCP <chemical treatment, especially for
chemical treated SS316L, the trend line is closer to theoretical dash line for 2-electron transfer
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ORR. Actually, Le Bozec et al.21 investigated the dependence of ORR on the surface treatment for
SS 316L and 904L, and found that ORR rate in seawater environment is highest on cathodically
pre-reduced surface, followed by mechanically polished surface and then anodically passivated
surface, the surface chemically treated with HF/HNO3 has the lowest ORR rate. On pre-reduced
and polished surface, ORR follows the 4-electron, and a combined 4-electron and 2-electron
pathways respectively, and are both under mass-transfer limited control, whereas HNO3 treated
surface inhibits ORR due to enrichment in Cr3+ species in oxide film (not larger thickness as stated
in the hypothesis). Those explain why chemical treated SS316L surface had lowest ilim closer to
dash line (2-electron transfer ORR), whereas cathodic pre-reduced SS316L had highest ilim among
three SS samples and closer to the solid line (4-electron transfer ORR). This comparison also
implies the effect of oxide film became significant under very thin electrolyte thickness.
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Figure 5.2: Levich plots for Pt and SS316L with three different surface treatments in which ilim is
a function of reciprocal of simulated electrolyte layer thickness.
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5.5.2 Comparative Study of Effect of Pre-Oxidized Potential on Cathodic ORR Kinetics
Between SS316L and SS314L
5.5.2.1 Determination of Pertinent Electrochemical Kinetics of SSs in Na 2SO4 Solution
To determine the cathodic kinetics especially diffusion limited region in Na 2SO4 pertinent
to 0.6M NaCl, one can express the cathodic limiting current density for ORR via one-dimensional
Nernst-Fickian Equation (Equation 5.4):
ilim,ORR =

nFDO2 (Cbulk ,O2 − Csurface ,O2 )

(5.4)


where n is the number of transferred for ORR, DO2 is the diffusivity of dissolved oxygen [O2],
Cbulk, O2 and Csurface,O2 are the concentration of O2 at the bulk solution and electrode surface
respectively, and 𝛿 is the diffusion layer thickness. Assuming n is the same for ORR taken place
at SS surface in both Na2SO4 and NaCl solution, and fast electrochemical reaction of ORR at the
electrolyte/electrode interface such that Csurface, O2 is equal to zero, ilim, ORR in two solutions should
be identical as long as DO2 Cbulk ,O2 product is the same. OLI Analyzer software (version 9.6) was
applied to calculate theoretical product values in two solutions. Plot of DO2 Cbulk ,O2 product as a
function of Na2SO4 concentration, and the reference value of product in 0.6M NaCl solution are
displayed in Figure 5.3a. The intersection of 0.6M NaCl horizontal line and Na2SO4 slope
determines the equivalent Na2SO4 concentration, which is equal to 0.3M and has a product value
of 4.5E-10 mol*s/m. To validate the accuracy of theoretical calculations by OLI software, cathodic
kinetics of SS304L and SS316L in both 0.3M Na2SO4 and 0.6M NaCl are shown in Figure 5.3b,
together with cathodic kinetics of Platinum (Pt) in 0.3M Na2SO4 solution. ilim, ORR in 0.3M Na2SO4
were nearly identical to those in 0.6M NaCl for both SS304L and SS316L, and there was barely
any difference between two types of SSs in terms of ilim, ORR, proving the accuracy of theoretical
calculation. It should be noted that the ilim,ORR for SSs are supposed to be less than that for Pt, which
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was also demonstrated in the plot as well (ilim,

ORR

for SS was about 90% of that for Pt). A

comparison of full electrochemical kinetics of two types of SSs in 0.3M Na2SO4 solution is shown
in Figure 5.4. It is clearly seen that except the fact that Ecorr of SS316L was 0.087 V higher than
SS304L, the breakdown potential of two SSs were almost identical which were about 1.14 VSCE.
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5.5.2.2 XPS Characterization to Precisely Determine the Oxide Film Composition at Each Preoxidization Potential
Five different oxidation potentials were chosen for potentiostatic testing to grow oxide film
for 2hrs prior to XPS analysis: E corr, 0, 0.4, 0.9 and 1.4 VSCE. Based on Figure 5.4, 1.4 VSCE is
located at transpassive region, whereas 0, 0.4 and 0.9 VSCE are still in the passive region for both
SS304L and SS316L. XPS spectra analysis of oxide film of both SS304L and SS316L after 2-hr
pre-oxidization at differential potentials are Figure 5.5-Figure 5.8, in which metallic and oxidation
states of Fe 2p3/2, Cr 2p 3/2, Ni 2p 3/2 and Mo 3d are presented. Deconvolution of these elements in
different states are based on the binding energies listed in Table 5.233–35. For Fe 2p

3/2

of both

SS304L and 316L, metallic Fe, Fe2+ and Fe3+ oxidized compounds were major species in the oxide
film at lower oxidation potentials from E corr to 0.4VSCE, whereas at medium oxidation potential 0.9
VSCE, Fe2+ and Fe3+ oxidized compounds were primary species; at high oxidation potential
(transpassive region), only Fe3+ oxidized compounds were major species, especially FeOOH. It is
also noticed that Fe3O4 only appeared in lower and medium oxidation potential in this study.
Actually for pure iron, Fe3O4 is formed at lower oxidation potential to provide pseudo-passivity
for iron and it transformed into 𝛾-Fe2O3 when the applied potential is more anodic17,36. For Cr 2p
3/2

of both SS304L and 316L, Cr3+ oxide and hydroxide were dominant species in the oxide film

at lower oxidation potentials from E corr to 0.4VSCE; at medium oxidation potential 0.9 VSCE,
although Cr3+ oxide and hydroxide were major species, Cr6+ oxide began to appear in oxide film,
and then it became the most dominant species followed by Cr 3+ oxide and hydroxide at higher
oxidation potential 1.4 VSCE; For Ni 2p

3/2,

metallic Ni and NiO were two major species in the

oxide film at lower oxidation potentials; Ni(OH)2 took over NiO and became the dominant species
together with metallic Ni at medium oxidation potential, and then turned into the only dominant
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species at transpassive potential 1.4VSCE. As for Mo

3d

which only appeared in SS316L, metallic

Mo and Mo6+ were major in oxide film during potentials from Ecorr to 0.4VSCE, and then Mo6+
oxide became the most available species at 0.9 and 1.4 VSCE.
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Figure 5.5:XPS spectra and deconvolution of Fe 2p 3/2 at pre-oxidation potential a) Ecorr ;b) 0 VSCE;
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Figure 5.6: XPS spectra and deconvolution of Cr 2p 3/2 at pre-oxidation potential a) Ecorr ;b) 0 VSCE;
c) 0.4 VSCE; d) 0.9 VSCE and e) 1.4 VSCE for SS304L and f) Ecorr ;g) 0 VSCE; h) 0.4 VSCE; i) 0.9 VSCE
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Figure 5.7: XPS spectra and deconvolution of Ni 2p 3/2 at pre-oxidation potential a) Ecorr ;b) 0 VSCE;
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Figure 5.8: XPS spectra and deconvolution of Mo 3d at pre-oxidation potential a) Ecorr ;b) 0 VSCE;
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Table 5.2: List of binding energies for different states of each primary element appeared in the
oxide film of steels33–35.
Element

Peak

Binding Energy (eV)

Fe
Cr
Ni
Mo

2p 3/2
2p 3/2
2p 3/2
3d 5/2
3d 3/2

Fe (met): 707; Fe3O4: 708.3; FeO: 709.4; Fe2O3:710.9; FeOOH: 711.8
Cr (met): 574.4; Cr2O3:576.3; Cr(OH)3: 577.1; CrO3: 578.3
Ni (met):852.7; NiO: 853.8; Ni(OH)2:855.6
Mo (met):228.1; MoO2: 229.81; MoO3: 233.15
Mo (met): 231.33; MoO2: 232.90; MoO3: 236.28

To better discern the distribution of each oxidized Fe species as a function of oxidation
potential, comparisons of ratio of each oxidized Fe species to the total amount of all oxidized
species (Fe+Cr+Ni+Mo) between SS314L and SS316L are shown in Figure 5.9a. In these
comparisons, FeO, Fe2O3, FeOOH and total Fe3+ (Fe2O3+FeOOH) are considered, while Fe3O4 is
deconstructed as FeO∙Fe2O3, half amount of which is FeO and the rest is Fe2O3. For each SS, it
shows that: FeO had the highest ratio at Ecorr, and it then decreased at 0 VSCE before reaching the
second highest ratio at 0.4 VSCE. After that, FeO ratio kept deceasing during medium and high
oxidation potential regions. Fe2O3 ratio was fluctuated although it reached highest at 0.9 VSCE,
whereas FeOOH ratio increased with applied potential except a secondary peak appeared at 0 VSCE.
For total Fe3+ratio, it was lower than Fe2+(FeO) at Ecorr and 0.4 VSCE, but higher once the potential
was beyond 0.4V

SCE

and increased with applied potential. At 0 VSCE, the total Fe3+ ratio was

surprisingly higher than Fe2+ as well. By comparing SS304L and SS316L, it shows that: SS316L
had on average higher Fe3+ and lower Fe2+ratios than SS304L at all applied potentials except
transpassive potential 1.4 VSCE. In spite of some fluctuations, the overall results agree well with
Lorang et al17’s work, in which Fe2+ ratio decreased whereas Fe3+ one increased as potential
became more anodic. Following the same routine, comparisons of Cr oxidized species between
SS304L and SS316L are shown in Figure 5.9b. It can be seen that: for each SS, total Cr3+ratio
(Cr2O3+Cr(OH)3) initially increased from Ecorr to 0 VSCE and then decayed over increased applied
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potential, reaching minimum at transpassive potential 1.4 VSCE; whereas Cr6+ (CrO3) ratio
maintained at zero until 0.9 VSCE, and then increased to maximum at transpassive potential 1.4
VSCE. SS304L averagely had slightly higher Cr 3+ than SS316L except at transpassive potential,
while it always had higher Cr6+ ratio than SS316L once Cr6+ species appeared. For Mo species
which only appeared in SS316L (Figure 5.9c), it shows that: MoO2 ratio maintained at low content
below 1% at all potentials, MoO3 increased steadily till 0.9 VSCE except that the second maximum

Fe species ratio

peak showed up at 0 VSCE, and then peaked at transpassive potential with ratio~ 9%.
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Figure 5.9: Comparisons of ratio of each oxidized a) Fe and b) Cr species to the total amount of
all oxidized species (Fe+Cr+Ni+Mo) between SS314L and SS316L as a function of applied
potential; c) Mo species ratio vs. applied potetnial for SS316L.
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To investigate the oxide film thickness at each oxidation potential, depth profiling was
performed by Ar+ sputtering. Data was recorded at every 30 seconds. In order to convert sputtering
1

time into estimated depth, sputtering rate which was approximately equal to 1nm/min ( 60 nm/s)
was incorporated from Donik et al.’s XPS depth profiling work for duplex stainless steel37, as a
result, the estimated sputtering-through depth during 6mins was 6nm. Comparisons of depth
profile in terms of ratio of Fe 2p 3/2 (sum of metallic and oxide species) to the sum of Fe 2p 3/2 and
Cr 2p 3/2 as a function of applied potential for SS304L and SS316L are displayed in Figure 5.10a
and 5.10b respectively. For both SS304L and SS316L, as increasing applied potential, the oxide
film thickness increased as well in both figures if one defines the first depth to reach a constant Fe
2p 3/2 ratio as oxide film thickness. At transpassive potential 1.4 VSCE, the pertinent film thickness
was largest, which could be attributed to continuous thickening of porous FeOOH. The estimated
oxide film thickness as a function of applied potential between SS304L and SS316L are plotted in
Figure 5.10c, these two sets of data are also compared with work by Nicic and Macdonald38, in
which oxide film thickness of SS316L as a function of passive potential in borate buffer solution
was estimated by single frequency EIS technique. For our study, SS304L and SS316L had the
same oxide film thickness at potentials from E corr (both ~-0.2 VSCE) to 0.9 VSCE, and oxide film
thickness of SS304L was 0.5 nm higher than SS316L at transpassive potential 1.4V; by linear
fitting, the oxide film growth rate for SS304L was about 1.7 nm/V, which was slightly higher than
SS316L which was ~ 1.4 nm/V, but both were lower than Nicic and Macdonald’s estimation of
2.2 nm/ V.
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Figure 5.10: Comparison of depth profile in terms of ratio of Fe 2p 3/2 to the sum of Fe 2p 3/2 and
Cr 2p 3/2 as a function of applied potential for a) SS304L and b) SS316L; c) comparison of oxide
film thickness vs applied potential for 304L(solid square) and 316L(hollow circle) from this study
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5.5.2.3 Cyclic Voltammetry to Investigate the Dependence of ORR Limiting Current Density on
Pre-Oxidization Potential
Cyclic voltammetry measurements at a 0.5 mV/s scan rate for two types of SSs were
performed to study the effect of pre-oxidization potential on the ORR diffusion limited kinetics.
the CVs for SS304L and SS316L were plotted in E-log|i| fashion with smaller potential window
from -0.5 to -1.2 VSCE for the better observation of ilim, ORR, which are shown in Figure 5.11a and
5.13b, respectively. They were also compared to the cathodic kinetics directly scanned from OCP
to -1.2 VSCE in negative direction displayed in Figure 5.3b. Noting that the CV started from
negative direction and then reversed to positive direction, the cathodic current densities in the
potential range from -0.6 to -1VSCE in the negative direction were all higher than the positive
direction at all pre-oxidation potential for both SS304L and SS316L. A reference potential 0.8VSCE was selected to plot icathodic(-0.8VSCE) as a function of pre-oxidation potential for both
SS304L and SS306L which is displayed in Figure 5.12. icathodic for Pt at -0.8 VSCE obtained from
Figure 5.3b was also plotted in Figure 5.12, representing the highest ilim,ORR can be obtained in 0.3
M Na2SO4 solution. For icathodic at different pre-oxidation potentials, those at negative direction
were both higher than positive direction, this is due to the extra contribution from reduction of Fe 3+
oxide to Fe3+ oxide which happened simultaneously with ORR during the negative scan, such that
the icathodic at pre-oxidation potential=1.4 VSCE in negative direction was even higher than ilim,ORR
for Pt, this also implied that icathodic at -0.8VSCE in positive direction can be equivalent to ilim,ORR for
that pre-oxidation potential since there was no Fe3+-to-Fe2+ reduction during the scan in the
positive direction. For each SS, ilim,ORR dropped significantly quickly when SS was pre-oxidized
from OCP to 0VSCE, and then increased with increasing pre-oxidation potential except a plateau
from 0 to 0.4VSCE for SS316L. By comparing two SSs, ilim,ORR for SS316L was always larger than
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SS304L except at 0.4VSCE, and the largest difference appeared for 1.4 VSCE, at which ilim,ORR for
SS316L was about 1.3 times that for SS304L. The detailed relationship between the oxide film
composition at each prep-oxidation potential and the resultant ilim,ORR will be delineated in Section
5.5.2.5.

Figure 5.11: a) Comparisons of cathodic kinetics of SS304L in negative and positive directions
as a function of applied potential; b) comparisons of cathodic kinetics of SS316L in negative and
positive directions at a function of applied potential.
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Figure 5.12: Comparison of icathodic at -0.8VSCE in both negative and positive direction as a function
of applied potential for both SS304L and SS316L.
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5.5.2.4 EIS Analysis to Determine Corrosion Resistance of Stainless Steels at Different PreOxidization Potential
To evaluate oxide film capacitance and corrosion resistance of each stainless steel at
different pre-oxidation potential, EIS analysis was performed. Two types of equivalent circuit
models were utilized to fit EIS data shown in Figure 5.13. It should be noted that the second model
(Figure 5.13b) better fitted the EIS spectrum at 1.4 VSCE due to change in film structure at this
transpassive potential. Corresponding Bode impedance and phase angle vs. frequency for SS304L
and SS316L are plotted in Figure 5.14. At high frequency regime, both models have CPE behavior
attributed to the passive oxide film, in order to estimate the effective capacitance values from the
CPE, Equation 5.5 is utilized
𝐶𝑒𝑓𝑓 = 𝑔𝑄(𝜌𝛿 𝜖𝜖0 )1−𝛼

(5.5)

Details of this equation has been illustrated in Chapter 4. For 𝜌𝛿 and 𝜖 , one can use the value for
the oxide film on Fe17Cr steel39 with film resistivity = 4.5 𝑜ℎ𝑚 ∙ 𝑚 and 𝜖=12. The EIS parameters
pertinent to this study are effective film capacitance Cfilm, eff, film resistance Rfilm and charge
transfer resistance Rct. Values of these pertinent EIS parameters for both SS304L and SS316L are
listed in Table 5.3. Comparisons of Cfilm,eff , total corrosion resistance (R film+Rct) as well as
RfilmCfilm,eff product between SS304L and SS316L are shown in Figure 5.15.

Figure 5.13: Equivalent circuit models used to fit EIS data of SS304L and SS316L at a) applied
potential=Ecorr, 0, 0.4, and 0.9VSCE; b) 1.4 VSCE.
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Figure 5.14: a) Bode Impedance response and b) phase angle response of SS304L in 0.3M Na2SO4
for different applied potentials; c) Bode Impedance response and d) phase angle response of
SS316L in 0.3M Na2SO4 for different applied potentials. All solid lines represented the fit using
the equivalent circuit models in Figure 5.13.

Table 5.3: List of values of Cfilm, eff, Rfilm and Rct. for both SS304L and SS316L in 0.3M Na2SO4.

Cfilm,eff
(𝑭 ∙ 𝒄𝒎−𝟐 )
Rfilm
(𝒐𝒉𝒎 ∙ 𝒄𝒎𝟐 )
Rct
(𝒐𝒉𝒎 ∙ 𝒄𝒎𝟐 )

SS304L
SS316L
SS304L
SS316L
SS304L
SS316L

Ecorr
9.463E-6
8.127E-6
107927
163977
203645
112462

Applied Potential
0 VSCE
0.4VSCE
0.9 VSCE
7.331E-6
4.115E-6
5.507E-6
6.104E-6
4.440E-6
5.919E-6
223872
1098000
97598
593288
639347
74198
1283000
1414000
535345
685492
2329000
104779

1.4 VSCE
1.251E-5
2.612E-5
120
144.4
101.3
47.2
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Figure 5.15: Comparison of a) effective oxide film capacitances (Cfilm,eff), b) total resistance
(Rfilm+Rct) and c) RfilmCfilm,eff product between SS304L and SS316L as a function of applied
potential.
For effective film capacitance (Figure 5.15a), it decreased as applied potential increased
from Ecorr to 0.4 VSCE, these might be attributed to accumulation of Cr 3+ oxide/hydroxide making
pre-reduced surface less defective; Cfilm,eff then increased when the potential become more anodic,
due to more availability of high oxidation state of Mo and Cr species4, Especially for SS316L, its
Cfilm,eff was about twice that of SS304L, since SS316L had Mo6+ oxidized species besides Cr6+
species, whereas SS304L only had Cr6+ species at transpassive potential 1.4 VSCE. As for the total
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corrosion resistance (Figure 5.15b), the highest values appeared at 0.4VSCE followed by that at 0
VSCE, this was caused by high content of protective Cr3+ species in the oxide film which was
observed by XPS analysis. The lowest values both appeared at transpassive potential 1.4VSCE, due
to destruction of passive oxide film structure. SS304L averagely had higher resistance than
SS316L except at 0.4 VSCE. Lastly, for RfilmCfilm,eff product (Figure 5.15c) which can be used to
evaluate film resistivity as discussed in Chapter 4, it was highest at 0 VSCE for SS316L and at 0.4
VSCE for SS304L, whereas both stainless steels had the lowest products at 1.4 VSCE, implying that
oxide film at that potential might have very porous structure.
5.5.2.5 Discussion of the Effect of Oxide Film Composition at Ascending Pre-oxidation
Potential on Cathodic Kinetics of SS Based on Electrochemistry and XPS Characterization
It is indicated in literature that reduction of Fe3+ oxide to Fe2+ oxide in the oxide film takes
place at ~ -0.6 VSCE, which is within the potential range of ORR, whereas the reverse oxidation
reaction is at ~ -0.4 VSCE20,21,27,28. The oxidation of Cr3+ to Cr6+ in the oxide film takes place at
~0.63 VSCE20, that is why Cr6+ oxidized species can be observed in potential only at 0.9 and 1.4
VSCE from XPS analysis. Recall from Figure 5.12 that cathodic current densities (icathodic) at -0.8
VSCE (a typical potential for diffusion limited ORR cathodic kinetics) scanning in negative
potential were all bigger than in positive direction for both types of stainless steels, this is because
both Fe3+-to-Fe2+ reduction as well as diffusion limited ORR kinetics contributed to the total
current densities in the negative direction, whereas only diffusion limited ORR kinetics took place
in the positive direction.
It is noticed that except at ECorr, the overall trend of change in icathodic from both negative
and positive directions ascended with increasing applied potential, this is due to the decrease in
Cr3+ content in the oxide film which highly inhibits ORR21. Although at passive potential range
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from 0 to 0.4 VSCE, Fe2+ were very high in oxide film which is linked to the active site for ORR21,40,
the effect of Cr3+ overwhelmed Fe2+ such that lower Cr3+ amount in the oxide film resulted in
higher icathodic due to ORR. For icathodic at Ecorr, the oxide film compositions at this potential for two
types of stainless steels were both high in Cr3+ and Fe2+, but still had the highest icathodic for SS304L
and the secondly highest icathodic for SS316L in negative scan direction, this can be attributed to
lowest oxide film thickness (Figure 5.10) and relatively low film resistivity (Figure 5.15c) at Ecorr.
In the RDE study for the effect of surface treatment discussed earlier, at relatively thick electrolyte
region, if oxide film thickness was very thin (~2nm), the effect of electrolyte layer thickness
overwhelmed the effect of oxide film in terms of ORR kinetics such that the effect of surface
treatment which altered the oxide film composition was negligible to ORR kinetics. However, if
the oxide film thickness of stainless steel became comparable to that of air-formed oxide film on
the Al alloys, the effect of oxide film thickness would matter the ORR kinetics. As seen in this
study, when applied potential increased, the corresponding oxide film thickened, resulting in
discrepancy in icathodic even in quiescent solution condition shown in Figure 5.12.
It is also noticed that icathodic at 1.4 VSCE for SS316L in negative direction was even higher
than theoretical ORR limiting current density measured by Pt and icathodic for SS304L at the same
applied potential, this enhancement in icathodic might have three folds: 1) the amount of Fe3+
oxidized species was highest, leading to a highest Fe3+-to-Fe2+ reduction current density; 2)
SS316L had the lowest corrosion resistance and its oxide film had the lowest resistivity at that
potential; 3) more availability of higher oxidation state of Mo (Mo6+) can show catalytical effect
to ORR4. Combining these three factors, icathodic at 1.4 VSCE for SS316L was highest in negative
scan direction.
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In conclusion, icathodic at ORR potential region is a complicated function of oxide film
composition, thickness, and resistivity as well as electrolyte layer thickness.
5.6 Conclusions:
In this chapter, the effect of oxide film properties (thickness, composition, resistivity and etc.)
on the cathodic kinetics of stainless steel were investigated. It can be concluded that
•

When the passive oxide film is thin (~2nm), the effect of electrolyte layer thickness
overwhelms that of oxide film thickness in terms of ORR cathodic kinetics as long as
electrolyte layer thickness is larger than 36 um in 0.6M NaCl; below this critical electrolyte
layer thickness, the effect of oxide film becomes comparable to that of electrolyte layer
thickness and has lower cathodic limiting current density compared to the scenario in which
only electrolyte layer thickness matters at the same electrolyte layer thickness.

•

At the same electrolyte layer thickness (<36 um), magnitude of cathodic limiting current
density after three different surface treatment follows this order: cathodically-pre-reduction>
immersion at OCP for 1.5hrs> chemical treatment by HNO3.

•

From the study of effect of oxide film thickness on cathodic limiting current density on Al
alloy 1100, cathodic limiting current density is inversely proportional to oxide film
thickness within a certain thickness range; once the oxide film thickness is beyond a critical
value (~138 nm in this study), cathodic limiting current density becomes independent of
oxide film thickness.

•

The effect of oxide film properties at ascending pre-oxidation potential on the cathodic
kinetics during ORR potential range of SS304L and SS316Lwas investigated: for both
steels, as oxidation potential increases, the mount of Cr 3+ in oxide film initially increases
from corrosion potential to 0~0.4 VSCE, and then decreases with increasing potential and
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oxidized to Cr6+ once the potential is higher than 0.63VSCE; the amount of Fe3+ in general
increases with ascending potential; the oxide film thickness also increases with increasing
potential; at transpassive potential, although film has the largest thickness but its resistivity
is lowest. A higher Fe3+ content in the oxide film during oxidation stage will result in a
larger cathodic current density due to larger Fe3+-to-Fe2+ reduction current density during
the scan in the negative potential direction, and provide more Fe2+ sites available for larger
ORR cathodic kinetics during the scan in the reverse direction, since active Fe2+ site is
believed to facilitate ORR. After transpassive pre-potential, SS316L has even larger
cathodic current density than Pt SS304L at the same condition during the scan in the
negative potential direction due to more availability of Mo6+ species and highest Fe3+
content in the oxide film, as well as lowest film resistivity and total corrosion resistance.
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6. The Effect of Geometric Parameters on the Extent of Localized Corrosion
of AA7050-T7451 Galvanically Coupled to SS316L Fastener
Summary:
As introduced earlier in Section 1.2.3, the fastener-hole configuration involves a galvanic
coupling induced crevice between SS fastener and AA7050 based component. The geometric
parameters such as area ratio of cathode to anode, and crevice geometry (crevice length and width)
can also have a significant impact on the extent of localized corrosion along AA7050 in the crevice.
For cathode-to-anode area ratio, a great number of previous research studies have been performed
to investigate the galvanic corrosion between two dissimilar materials as a function of area ratio
quantitatively, but mainly focused on simply geometry in which the exposure surfaces of anode
and cathode are connected in a flush manner. As for crevice geometry, little or no previous work
has been investigated for the crevice formed inside a galvanic coupling, let alone a quantitative
description of the extent of galvanic-coupling induced crevice corrosion as a function of crevice
geometric parameters. The study scope in this chapter has two objectives: (1) to investigate the
electrochemical and corrosion distributions in the crevice formed in galvanic coupling between
AA7050 and SS316L as a function of cathode-to-anode area ratio experimentally and numerically;
(2) to explore the effect of crevice geometry on the galvanic-coupling induced crevice corrosion
of AA7050, and examine if the typical crevice scaling law is also valid for the crevice between the
galvanic couple.
6.1

Abstract
Geometry of galvanic couple is of great importance to affect the electrochemical and

corrosion distributions inside. In this chapter, two pertinent geometric parameters were
investigated: cathode-to-anode area ratio and crevice geometry. For the area ratio, a combined
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modeling and experimental approach was developed to investigate its effect on the crevice
corrosion of AA7050 with a galvanic-coupling induced crevice configuration. It has been found
that: higher area ratio (>1:1) geometry leads to more severe corrosion focused at the crevice mouth,
resulting in larger potential and pH variation from crevice center to mouth as well as higher anodic
current density; lower area ratio (1:1) shows very limited corrosion and little to no change in
electrochemical and pH distributions.
For the crevice geometry, the effect of electrolyte layer thickness (WL) above the external
SS cathode surface, crevice solution chemistry and crevice wall conditions on the crevice scaling
law were investigated by developing a thorough modeling study combining pertinent external
variables discussed in previous chapters, and whether or not the scaling law can be held in
galvanic-coupling induced crevice was also examined. From this study, it shows that the validity
of scaling law depends on the crevice solution chemistry and internal cathode wall condition;
Lcrit2/G is more applicable to galvanic-coupling induced crevice than Lcrit/G, but Lcrit2/G varies with
WL and internal SS wall condition.
6.2

Hypothesis
For the aspect of the area ratio, larger cathode: anode ratio results in more corrosion damage,

and the corrosion damage is preferably located at the SS/AA interface and then decays as the
distance moves away from the interface due to ohmic drop.
As for the crevice geometry, crevice scaling law can be still held for galvanic coupling
induced crevice, and the ratio value is constant regardless of changes in external variables (e.g.,
WL, crevice solution chemistry and crevice wall condition).

216

6.3

Part 1: Effect of Cathode-to-Anode Area Ratio on Potential, Current and pH

Distribution in the Crevice Formed in Galvanic Coupling Between AA7050-T7451 and
SS316L
6.3.1 Introduction:
The study of galvanic corrosion of aerospace aluminum alloys is of great importance due
to frequent interaction between Al-alloy based structure and noble component such as noble
fastener. The galvanic coupled Al-alloy based structure can experience an accelerated localized
corrosion rate compared to self-corrosion without galvanic interaction, since external cathode
current from noble materials can greatly support dissolution activity of Al-alloy. The degree of
galvanic corrosion damage can be dictated by many factors, one of them is area ratio of cathode
to anode.
Mansfeld and his co-workers1,2 developed a careful study of area relationships in galvanic
corrosion between Al alloys (AA2024 and AA7075) and copper in 3.5% NaCl solution, and
generalized an analytical expression of dissolution rate (rA) of these Al alloys as

𝑟𝐴 =

𝑘3 𝑖𝑔𝐴 (1

𝐴𝐶
+ 𝐴)
𝐴

where k3 is constant, 𝑖𝑔𝐴 is galvanic current density,

𝐴𝐶
𝐴𝐴

is cathode-to-anode area ratio. A similar

expression was also proposed by Liao et al.3, in which they investigated the dependence of
galvanic-coupling induced pitting on area ratio between model alloys representing two types of
intermetallic compounds (IMCs) in Al alloys and pure Al. However, their expression of dissolution
rate is based on the average galvanic current density across the entire anode surface, which might
be valid for the area in the vicinity of galvanic couple interface or the entire galvanic assembly is
fully immersed in solution, but not always true for scenario involving a galvanic assembly under
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a thin layer of electrolyte, in which ohmic drop in electrolyte can lead to variation in dissolution
rate along the surface. Song and his co-workers4,5 used both multi-electrode galvanic corrosion
assembly (GCA) technique and boundary element method simulation tool to study the galvanic
corrosion between magnesium and steel as a function of area ratio, and they indicated that the
highest galvanic corrosion current density appeared at the interface, and then decayed quickly to
zero within 1 to 2cm away from the interface, and highest galvanic corrosion current density at the
interface can be intensified as cathode-to-anode area ratio increased. Nevertheless, all of these
previous works only focused on the geometry in which the anode was simply connected to the
cathode with a flush surface, there is little or no research study by far investigating the dependence
of galvanic-coupling induced localized corrosion on the area ratio with a crevice geometry between
two dissimilar materials.
The objective of Part 1 in this chapter is to use a complementary numerical and
experimental approach to study how the area ratio of cathode to anode affects potential, current
density and pH distribution within a simulated crevice formed between SS316L cathode and
AA7050-T7451 anode, and determine the correlation between area ratio and galvanic corrosion
distribution quantitatively.
6.3.2 Experimental Approaches
6.3.2.1 Preparation of Crevice Formed Between SS316L and AA7050-T7451
Crevice assemblies between SS316L and AA7050-T7451 are illustrated in Figure 6.1. Each
AA7050 sample had a fixed surface area of 1” x 1” and was embedded in epoxy. For the SS316
samples, all the surfaces of each sample were exposed. Observing from top view (Figure 6.1b),
the width and thickness of SS plate was fixed at 1” and ¼” respectively, and the length was varied
in a way such that the area ratio of SS316 to AA7050 changed from 1:1 to 8:1. The galvanic
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couples were assembled together by electrically isolated SS316L fasteners (Figure 6.1c), leaving
the crevice gap width formed in between around 150~200 𝜇m as measured by scanning electron
microscope (SEM). All of the crevice assembles were full immersed into 0.6M NaCl solutions for
up to 8 weeks, and pH distributions and localized corrosion damages were measured afterwards.

Figure 6.1: A schematic representation of crevice assembly between AA7050 and SS 316L from
a) side view and b) from top view, and c) snapshot of testing crevice assembly.
6.3.2.2 Electrochemical Kinetics Measurement for Boundary Condition in FEM Modeling
SS316L, AA7050-T7451 and 99.9%wt pure Cu were used in electrochemical kinetics
measurement. They were prepared into 1” x 1” square coupons and grounded to a surface finish
of 600 grit with silicon carbide paper. All the electrochemical measurements were conducted using
a Bio-LogicTM SP200 potentiostat in a three-electrode cell configuration with test coupon as the
working electrode (WE, exposure area=1cm2), a platinum-niobium mesh as the counter electrode
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(CE), and a saturated calomel electrode (SCE) as the reference electrode (RE). Potentiodynamic
polarization measurements were performed at a scan rate= 0.167 mV/s after 1-hour open circuit
potential (OCP) stabilization, starting from 0.1V above OCP and ending at -1.8 VSCE. Three types
of testing solutions were prepared for polarization curve measurements: (1) deaerated 0.5M NaCl
with adjusted pH=4 by HCl to simulate the most occluded region within the crevice; (2) deaerated
0.5M NaCl with adjusted pH=8 by NaOH to simulate the near-crevice mouth region; (3) 0.5 M
NaCl with unadjusted pH=5.6 to simulate bulk solution. These experimentally determined
electrochemical kinetics were used as boundary conditions in the modeling.
6.3.2.3 Secondary Current Distribution Model to Simulate Electrochemical Distribution in
Crevice
a 3-D steady state secondary current distribution module in COMSOLTM Ver.5.2 was
applied to simulate potential and current density distributions in the crevice, the governing
equation is Laplace’s Equation. The modeling geometry used is shown in Figure 6.2. The
simulation domain is electrolyte with constant electrolyte conductivity 5.5 S/m. It should be
noticed that electrochemical kinetics in either quiescent or de-aerated solution with different pH
were enforced on corresponding parts in order to simulate the realistic crevice solution
environment.
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Figure 6.2: Geometry Setup of Crevice Assembly in COMSOLTM.
6.3.3 Results and Discussions
6.3.3.1 pH Distribution and Corrosion Damage as a Function of Area Ratio from 8-week
Immersion Test.
The pH and corrosion damages were measured after the 8-week full immersion exposure.
Figure 6.3 shows pH distributions in the crevice for case of area ratio=1:1 and 8:1. In the case of
area ratio=1:1, the pH was around 6~7 for most of the area of the crevice, expect for pH=8 in some
localized regions. When the area ratio increased to 8:1, the pH was between 7 and 8 along the
edges of crevice mouth, and pH ranged from 4 to 5 inside the crevice. Optical profilometry was
used to obtain corrosion damage profiles. Maximum damage from the profilometry was measured
to characterize the effect of area ratio on corrosion damage, e.g., the maximum damage for area
ratio=8:1 shown in Figure 6.4. From comparison of maximum corrosion depth for different area
ratios in Figure 6.5, it can be seen that increasing area ratio of cathode to anode caused more severe
corrosion damage, and maximum corrosion depth for area ratio=8:1 (~750 𝜇m) was about 50 times
that for area ratio=1:1 (~15 𝜇m).
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Figure 6.3: pH distribution in the crevice for area ratio =1:1 and 8:1 after 8-week testing.

Figure 6.4: a) Optical profilometry of corrosion distribution around the crevice mouth when area
ratio=8:1; b) False color expression of a); c) Corrosion depth profile along the direction in b).
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Figure 6.5: Comparison of maximum corrosion depth for area ratio ranging from 1:1 to 8:1
6.3.3.2 Electrochemical Distribution as a Function of Area Ratio from Modeling Study

Figure 6.6: Boundary conditions used in the modeling study.
Electrochemical kinetics of AA7050, SS316L and Cu in pertinent solutions representative
of different crevice solution environments are displayed in Figure 6.6. It should be noted here that
de-aerated condition was enforced within the crevice while the quiescent condition was enforced
outside the crevice, and different pH values were imposed in accordance with the pH distributions
for different area ratios in experimental part. The effect of replated copper from corrosion had been
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also considered into modeling because copper replating just outside the crevice was observed when
the area ratio was >1:1 (shown in Figure 6.7), the main source of replated Cu is Cu remnant after
dealloying of Mg and Al from Cu-containing IMCs (e.g., Al2CuMg). Once the Cu remnant is
mechanically detached and dissolved at its corrosion potential, it will replate on the Al-alloy
again6,7 Figure 6.8 shows the locations of different boundary conditions on AA7050 and SS316L,
respectively.

Figure 6.7: An example to show Cu (within the yellow circle) replated on AA7050 after 8-week
immersion testing when area ratio of cathode to anode is 8:1.

Figure 6.8: Boundary conditions setup for a) AA7050 side; b) SS316L side.
Outputs from the modeling are potential and current density distributions. Potential
distributions for different area ratios are displayed in Figure 6.9. It can be clearly seen that higher
area ratio led to larger potential difference from the center of the crevice to the mouth. For current
density distributions in Figure 6.10, the anodic current density increased as a function of both
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distance from the crevice center and area ratio. In order to quantitatively describe corrosion
damage, comparisons between different area ratios were made in terms of ratio of the maximum
anodic current density from the modeling and that of maximum corrosion depth from the
experiment shown in Table 6.1. It indicates that the modeling captures relative severity of attack
from the experiment.

Figure 6.9: Comparison of potential distributions for different area ratios.

Figure 6.10: Current density vs. distance along the direction 1 as a function of area ratio.
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Table 6.1: Comparison between different area ratios in terms of ratio of max anodic current density
(from modeling) and maximum corrosion depth (from measurement)
Ratio of Max Anodic i

Ratio of Max Corr. Depth

8:1 vs. 4:1

2.75

2.72

6:1 vs. 4:1

1.89

1.53

6.3.4 Conclusions
From this study of localized corrosion distribution within the galvanic-coupling indued
crevice, it can be concluded that: (1) higher area ratio (>1:1) geometry leads to more severe
corrosion focused at the crevice mouth, resulting in larger potential and pH variation from crevice
center to mouth as well as higher anodic current density; (2) lower area ratio (1:1) shows very
limited corrosion and little to no change in electrochemical and pH distributions.

6.4

Part 2: A Modeling Study of Exploring the Scaling Law in the Galvanic-Coupling

Induced Corrosion of AA7050-T7451
6.4.1 Introduction
Scaling law or scaling factor is one important criterion to describe the effect of crevice
geometry on the electrochemical and corrosion distributions in the crevice during crevice corrosion
propagation. It can help determine the geometry condition in which the crevice corrosion can occur
for an engineering alloy. Since the dimension of a typical crevice is generally on the order of
millimeters in crevice length and microns in crevice gap width, it is of great difficulty to reproduce
this dimension experimentally, a scaling law has come up to scale up this dimension to a
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measurable size. The scaling law11 describes how the crevice geometry can be scaled such that the
electrochemical and corrosion distributions remain constant on a normalized length scale. For
instance, if crevice corrosion attack takes place at 1 mm inside a crevice with 1 cm length, for the
same material with larger crevice length equal to 10 cm, the corresponding corrosion attack will
happen at 10 mm. Diffusion barrier to relevant chemical species due to confined crevice geometry
as well as large crevice solution ohmic resistance are main causes to the existence of scaling law.
In general, scaling law can be expressed as a ratio containing two pertinent crevice geometric
parameters
scaling law=

𝐿2
𝐺

𝑜𝑟

𝐿
𝐺

where G is the crevice gap width, and L can be either the total crevice length8,9, or distance from
the crevice mouth to the site which receives the most severe attack in the crevice10. Particularly
for the latter case, the scaling law is still valid even the rest of crevice is active beyond the most
severe attack site, and L can be also described as xcrit. A Schematic representation of crevice
geometry is illustrated in Figure 6.11.

Figure 6.11: A schematic representation of a generic crevice geometry involving two pertinent
crevice geometric parameters12.
Both Lee et al.12 and Vankeeberghen13 explored the effect of crevice geometry on the
susceptibility of a crevice to crevice corrosion by investigating the existence and form of a scaling
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factor that related depth and gap to susceptibility. Lee et al. combined FEM modeling and
experimental methods to rigorously study the most two commonly proposed scaling laws: xcrit/G
and x2crit/G , where xcrit is dc referred by Xu and Pickering14. Microfabrication method was used to
construct crevice formers of rigorously controlled dimensions. This method was used in crevice
corrosion experiments on Ni200 in 0.5 M H2SO4 to measure xcrit. A two-dimensional steady state
FEM modeling based on the Laplace Equation was used in this work. A comparison of the two
scaling laws xcrit/G and x2crit/G is displayed in Figure 6.12. From these comparisons, it was
concluded that a quadratic scaling factor (x2crit/G) was more applicable to the Ni/H2SO4 crevice
system, with the result most apparent at short times and small gaps. This was also the same scaling
factor for Al crevice in 0.05 M NaCl demonstrated by Vankeerberghen’s work 13. The model also
reproduced the experimentally observed failure of the scaling law at large gaps where the x crit was
located at much greater depths than would be expected from the scaling law.

Figure 6.12: Comparison of modeling and experimental results for Ni200 in 0.5M H 2SO4: a) for
linear scaling law; b) quadratic scaling law12.
However, most of previous research for crevice corrosion only focused on the crevice of
same material formed by an inert crevice former, there is little or no research effort on the crevice
formed between a galvanic coupling. In general, a typical galvanic coupling assembly does not
always physically contact with one surface flush with the other, the geometry can be very
complicated. In this study, a noble stainless steel fastener is galvanically coupled with an
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aluminum alloy (Al alloy) based plate with a fastener-hole configuration displayed in Figure 1.1
and Figure 1.2. The localized corrosion of Al alloy in the crevice can be sustained by both cathode
current from external SS cathode due to ORR, and that from internal SS cathode in the crevice due
to either ORR or HER or combined. In this study, the effect of electrolyte layer thickness (WL)
above the external SS cathode surface, crevice solution chemistry and crevice wall conditions on
the crevice scaling law were investigated by developing a thorough modeling study combining
pertinent external variables discussed in previous chapters, and whether or not the scaling law can
be held in galvanic-coupling induced crevice was also examined.
6.4.2 Experimental Approaches
6.4.2.1 Electrochemical Kinetics Determination for Boundary Conditions in Modeling
SS316L and AA7050-T7451 were used in electrochemical kinetics measurement. They
were prepared into 1” x 1” square coupons and ground to a surface finish of 600 grit with silicon
carbide paper. All the electrochemical measurements were conducted using a Bio-LogicTM SP200
potentiostat in a three-electrode cell configuration with test coupon as the working electrode (WE,
exposure area=1cm2), a platinum-niobium mesh as the counter electrode (CE), and a saturated
calomel electrode (SCE) as the reference electrode (RE). Potentiodynamic polarization
measurements were performed at a scan rate= 0.167 mV/s after 1-hour open circuit potential (OCP)
stabilization. For SS 316L the scan started from OCP and ended at -1.2 VSCE, whereas the scan for
AA7050 started from -1.1 VSCE and ended at -0.55 VSCE. Besides regular flat cell configuration to
measure electrochemical kinetics of SS316L in quiescent solution, rotating disk electrode
technique which setup has been explained in Chapter 3 was also utilized to simulate the
electrochemical kinetics of SS316L in thin film electrolyte condition, two rotation speeds 10 and
40 rpm were applied to simulate electrolyte layer thickness equal to 200 and 100 𝜇m respectively.
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Three types of testing solution were prepared for polarization curve measurements: (1) quiescent
and agitated 0.6M NaCl with adjusted pH=10 by NaOH for SS316L to represent solution
environment under different WL thickness for external SS cathode; (2) deaerated 0.6M NaCl with
adjusted pH=4 by HCl to simulate crevice solution environment for SS316L and AA7050, the
selection of pH=4 was based on the experimental determination by Alavi and Cottis15 when they
measured the pH of crevice solution formed in AA7475; (3) 0.54M +0.02M AlCl3 with adjusted
pH=4 to simulate Al3+ containing crevice solution environment for SS316L and AA7050 due to
Al alloy dissolution, the [Al3+]=0.02 M was chosen from Vankeeberghen13’s work for Al crevice
corrosion. These experimentally determined electrochemical kinetics were used as boundary
conditions in the modeling.
6.4.2.2 FEM Modeling Setup
An axisymmetric 2-D steady state secondary current distribution module in COMSOLTM
Ver.5.2 was applied to simulate potential and current density distributions in the crevice, the
governing equation was Laplace’s Equation. The simulation domain was electrolyte with constant
electrolyte conductivity=5.5 S/m. The generic modeling geometry used is shown in Figure 6.13.
A conformal electrolyte layer (WL) was applied along the external surface of galvanic coupling.
Dimension of half of SS316L fastener (axisymmetry) is assigned in this figure. The plate thickness
Tplate, the crevice gap width (G), and WL were variables in the modeling. As for boundary
condition assignment, black boundary represents external SS cathode, green one represents
internal SS cathode, red one represents AA in the crevice, the yellow one represents electrically
isolated corrosion coating. It should be noted that the coating thickness was negligible in this
modeling work. Four different cases were investigated in the study with boundary condition
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assignment illustrated in Table 6.2. In the simulation, parametric sweep was performed in the
following way: Tplate from 10 mm to 40 mm, G from 10 to 100𝜇m, and WL from 2,000 to 100 𝜇m.

Figure 6.13: A schematic geometry of axisymmetric galvanic coupling between SS316L fastener
and AA7050-T7451 plate in the modeling.

Table 6.2: Boundary condition assignments for four different modeling case studies.
Case #
1

Boundary Description
No Al3+ containing crevice
solution, passive SS crevice
wall

2

No Al3+ containing crevice
solution, active SS crevice wall

3

Al3+ containing crevice
solution, passive SS crevice
wall

4

Al3+ containing crevice
solution, active SS crevice wall

Boundary Condition Assignments
Black: 0.6 M NaCl (pH=10)
Green: electrically insulated
Red: 0.6M NaCl (pH=4)
Yellow: electrically insulated
Black: 0.6 M NaCl (pH=10)
Green & Red: 0.6M NaCl (pH=4)
Yellow: electrically insulated
Black: 0.6 M NaCl (pH=10)
Green: electrically insulated
Red: 0.6M NaCl (pH=4)
Yellow: electrically insulated
Black: 0.6 M NaCl (pH=10)
Green & Red: 0.54M NaCl+0.02M AlCl3 (pH=4)
Yellow: electrically insulated
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6.4.3 Results and Discussions
6.4.3.1 Electrochemical Kinetics of SS316L and AA7050 in Different Solution Environments
Measured electrochemical kinetics of SS 316L and AA7050-T7451 in different solutions
are shown in Figure 6.14a. For AA7050-T7451, although addition of Al3+ increased Ecorr by 0.02
V compared to that in no Al3+ containing solution at the same pH and [Cl-], the breakdown potential
(Ecrit =~-0.75 VSCE, below which AA7050 becomes passive) and corresponding current density
(icrit= ~2.5E-6A/cm2, highest passive current density) were nearly identical, together with same
anodic kinetics beyond Ecrit. For SS316L, as electrochemical kinetics obtained from RDE both had
higher cathodic limiting current density (ilim) than quiescent condition in 0.6M NaCl pH=10
solution, and ilim increased with higher rotation speed (smaller WL) due to shorter diffusion path
of dissolved oxygen which has been discussed in Chapter 3. When solution was deaerated and
acidified to pH=4, the ilim was reduced by ~100 times compared to alkaline, quiescent solution,
owing to greatly depressed ORR cathodic kinetics and weak HER cathodic kinetics at pH=4; By
adding Al3+ while still maintaining same [Cl-] and pH in the solution, cathodic kinetics of SS316L
was greatly enhanced due to extremely high proton diffusivity in Al3+ containing solution
discussed in Chapter 4. It should be noted that the pH assumption for the crevice solution in this
study is different from Part 1 in Chapter 4 in which alkaline crevice solution was assumed in the
most occluded region. These experimentally determined electrochemical kinetics were used as
boundary conditions in the modeling. Boundary conditions for Case 1&2 and those for Case 3&4
are shown in Figure 6.14b and 6.14c respectively. Based on Mixed Potential Theory, it can be seen
that galvanic coupling potential between AA7050 and external SS cathode (E galv,ext) was highest,
followed by Ecrit and then galvanic coupling potential between AA 7050 and internal SS cathode
(Egalv,int) in Case 1&2, whereas potentials followed this order in case 3&4: Egalv,int> Egalv,ext > Ecrit.
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Figure 6.14: a) Electrochemical kinetics of SS316L and AA7050-T7451 in different solutions; b)
boundary conditions in Case 1&2; c) boundary conditions in Case 3&4.
6.4.3.2 Example to Show the Effect of Gap Width (G) on Electrochemical Distribution
This example is to illustrate the effect of crevice gap width (G) on potential and current
density distributions along the AA7050 in the crevice. Geometry setup in this example was:
Tplate=10mm, WL=1000 𝜇m, G varied from 10 to 100 𝜇m. Boundary conditions were those in Case
1 in which internal SS crevice wall was passive. Potential and anodic current density distributions
along the AA in the crevice are shown in Figure 6.15.
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Figure 6.15: a) Potential distributions and b) anodic current density distributions along the
AA7050 in the crevice as a function of G when T plate=10 mm and WL= 1000 𝜇m in Case 1:
internal passive SS wall.
From these comparisons, it can be seen that smaller G led to a more positive potential
(higher anodic dissolution current density) at the crevice mouth and a more negative potential and
(lower anodic dissolution current density) at the tip, resulting in a wider potential distribution. This
phenomenon was caused by higher ohmic drop across the crevice solution due to smaller gap width.
It is also noticed that at this geometric configuration, the entire crevice was active when G>= 30
𝜇m, whereas it became partially passive for the crevice location beyond 9.5 mm away from the
crevice mouth at G =10 𝜇m, based on the Ecrit.
6.4.3.3 Effect of Electrolyte Layer Thickness (WL) and SS Crevice Wall Condition on
Electrochemical Distributions Without Al3+
The effect of electrolyte layer thickness on the potential and current density distributions
for Case 1 and Case 2 are demonstrated in Figure 6.16. The geometry setup in this section is: Tplate
=20 mm, G= 50 𝜇m and WL changed from 2000 𝜇m down to 100 𝜇m. Firstly, modeling results
for both potential and current density distributions were nearly identical when WL>=1000 𝜇m for
both cases, hence those for WL= 1000 𝜇m were used only instead of showing repetitive results for
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any WL larger than 1000 𝜇m. It can be seen from Figure 6.16 that smaller electrolyte thickness
resulted in more positive potential (higher anodic current density) at both crevice mouth and tip in
Case 1 where internal SS crevice wall was fully passive, this can be explained by higher E galv,ext
and larger galvanic current density at the crevice mouth resulted from enhanced ORR cathodic
kinetics at smaller WL. For Case 2, at the crevice mouth, smaller WL led to more positive potential
and higher anodic current density like Case 1, however, at the crevice tip, smallest WL (100 𝜇m)
had the most negative and lowest anodic current density among all the WLs. The pertinent
discussion will be presented in Section 6.4.3.4. By comparing potential and current density at the
same WL between Case 1 and Case 2, it can be seen that Case 2 which had internal active SS wall,
led to more positive potential and higher anodic current density than Case 1 which had passive SS
wall in the near-crevice tip region (which distance away from the crevice mouth was beyond
~15mm). This can be explained by the fact that more cathode current from internal active SS wall
to sustain crevice corrosion of AA7050 in Case 2 besides that from external SS cathode, resulting
in higher anodic dissolution current along AA7050 compared to the cathode current only from
external SS cathode in Case 1.
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Figure 6.16: Comparison of a) potential distribution and b) anodic current density distribution
along the AA7050 in the crevice as a function of WL between Case 1: passive SS wall and Case
2: active SS wall.
6.4.3.4 Validation of Scaling Law
To valid if scaling law is existed for galvanic-coupling induced crevice and determine
whether L/G or L2/G is the more suitable scaling law for this type of crevice, a series of simulations
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were performed to find out the value of critical crevice length (Lcrit) below which the entire crevice
was active at a certain crevice gap G in a given WL and internal SS wall condition. It should be
noted that Lcrit in this study is different from the typical Lcrit described by Pickering et al.8,9 and
Lee et al.11: in their study, either Ni or SS experiences passive-to-active transition as potential
moves to negative direction due to ohmic drop, whereas AA7050 experiences reverse transition as
potential drops down. That said, Lcrit in their study represents a critical value beyond which crevice
begins to corrode, whereas that in our study represent a critical value beyond which active crevice
begin to passivate. An example of comparisons of simulated results and linear fit between two
types of scaling law is demonstrated in Figure 6.17, in which WL was equal to 1,000 𝜇m and
internal SS wall was passive. It shows that linear fit for Lcrit2/G has R2=0.9947, which is larger
than R2=0.9323 for Lcrit/G. Noting that R2 is a statistical measure of how close the data to the fitted
regression line, larger R2 indicates that the model explains the variability of the response data
around its mean better. A full list of comparison between Lcrit2/G and Lcrit/G in terms of R2 values
in different WL and internal SS wall conditions is shown in Table 6.3. By this comparison, it has
been found that Lcrit2/G is more applicable to galvanic-coupling induced crevice than Lcrit/G
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Figure 6.17: Comparison of simulated data and linear fit as a function of G plotted on a) linear
scale Lcrit and b) quadratic scale Lcrit2.
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Table 6.3: A list of comparisons between Lcrit2/G and Lcrit/G in terms of R2 values in different WL
and internal SS wall conditions.
Passive Wall
Lcrit/G
Lcrit2/G

Active Wall

WL:1000 𝜇m

WL:200 𝜇m

WL:100 𝜇m

WL:1000 𝜇m

WL:200 𝜇m

WL:100 𝜇m

0.9323
0.9947

0.9303
0.9986

0.9291
0.9991

0.9283
0.9988

0.9268
0.9994

0.9296
0.9990

Comparisons of Lcrit2/G as a function of WLs for two different internal SS wall conditions
are shown in Figure 6.18. It shows that the slope for Lcrit2/G increased as WL decreased for passive
SS wall condition, which indicates Lcrit became larger for smaller WL as crevice gap G went up.
Whereas for active SS wall condition, this behavior was only valid when WL>= 200 𝜇m; once
WL= 100 𝜇m, Lcrit was even smaller than the scenario when WL was equal or greater than 1000 𝜇m.
By comparing Lcrit between two internal SS wall conditions at the same WL, active wall scenario
always had larger Lcrit than passive wall one as discussed earlier, expect WL=100 𝜇m at which
slope had no change. These abnormal behaviors at WL=100 𝜇m can be explained in Figure 6.19
which is a deconstruction of Figure 6.16a: when the internal SS wall was passive (Figure 6.19a),
there was no galvanic coupling between AA7050 and internal SS cathode, although degree of
potential drop was higher for WL=100 𝜇m than WL>=200 𝜇m, the beginning potential at the
crevice mouth was more positive due to largely enhanced ORR kinetics at WL= 100 𝜇m, such that
the potential along the crevice was always higher; when the internal SS wall was active (Figure
6.19b), there was another galvanic coupling between AA7050 and internal SS cathode besides
one between AA7050 and external SS cathode, the exposure area of internal SS cathode was almost
equal to that of AA7050 such that internal SS cathode had the tendency to push the potential
towards Egalv,int ~ -0.822 VSCE. This potential-drop factor due to internal galvanic coupling was
more prominent for WL=100 𝜇m at which potential distribution became more negative (lower
current density) than WL=200 𝜇m when distance away from the crevice mouth was around 5mm,
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and than WL>=1000 𝜇m when distance away from the crevice mouth was about ~15mm, as shown
in Figure 6.19b. This resulted in a smaller critical crevice length for WL=100 𝜇m when the internal
SS wall was active.

WL>= 1000um, internal passive SS wall
WL= 200um, internal passive SS wall
WL= 100um, internal passive SS wall
WL>= 1000um, internal active SS wall
WL= 200um, internal active SS wall
WL= 100um, internal active SS wall
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Figure 6.18: Comparisons of Lcrit2/G as a function of WLs for two different internal SS wall
conditions.
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Figure 6.19: Comparison of potential distributions along AA7050 in the crevice as a function of
WL when the internal SS wall is a) passive and b) negative. This figure has the same geometry
configuration as Figure 6.16.
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6.4.3.5 Effect of Al3+ in Crevice Solution
Due to same Ecrit value and anodic kinetics beyond Ecrit, Case 3 (passive crevice wall) won’t
be discussed here since simulation results in terms of scaling law in Case 3 were identical to Case
1. However simulation for Case 4 (active crevice wall) showed that the potential at crevice tip was
pinned at ~-0.696 VSCE regardless of change in WL, G or Tplate,. An extreme example for Case 4 is
shown in Figure 6.20. In this example, Tplate was set to be 150mm with G=10 𝜇m which were
aimed to create large ohmic drop in the crevice solution. Surprisingly, the potential for both
WL=100 and 1000 𝜇m dropped quickly around the crevice mouth and then maintained along the
rest of the crevice at~ -0.696 VSCE which was equal to Egalv,int in Figure 6.14c. Since cathodic
current density at Egalv,int was much higher than Egalv,ext even at WL=100 𝜇m, when the internal SS
cathode was active, the crevice corrosion of AA7050 was dominantly supported by internal SS
cathode such that the potential along the majority of crevice was equal to Egalv,int. As a result, the
entire AA7050 in the crevice was corrosion-active all the time when Al3+ was in solution with an
internal active SS wall. This also implies that scaling law is not valid in Case 4. Modeling study
for scaling law also overturned our hypothesis in which scaling law is constant regardless of
changes in external variables.

Figure 6.20: Comparison of potential distributions along AA7050 between WL=1000 and 100 𝜇m
when Tplate=150 mm and G=10 𝜇m in Case 4.
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6.4.4 Conclusions
This study investigated the scaling law for a galvanic-coupling induced crevice between
SS316L and AA7050-T7451. The effect of electrolyte layer thickness on the external SS cathode,
crevice solution chemistry and wall condition of internal SS cathode were considered in the study.
It is concluded that:
•

Smaller WL for the thin electrolyte layer above the external SS cathode as well as tighter
crevice gap results in higher anodic current density (more corrosion damage) at the nearcrevice mouth region.

•

Scaling law is valid for Case 1, 2 and 3, but not for 4. It is also found that Lcrit2/G is more
applicable to galvanic-coupling induced crevice than Lcrit/G, but Lcrit2/G varies with WL
and internal SS wall condition. Active SS wall condition and smaller WL generally lead to
a higher Lcrit2/G as long as WL>= 200 𝜇m.
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7

Summary and Recommended Future work

7.1

Summary
This dissertation utilized a combined modeling and experimental approach to develop a

fundamental understanding of the effect of environmental, material and geometric variables on the
electrochemical (potential, current density) and corrosion distributions in the galvanic coupling
between AA7050-T7451 and stainless steel with a simulated fastener-hole configuration, and
demonstrate the capability of Laplace-Equation based FEM modeling approach to estimate and
predict corrosion distribution with accurately defined electrochemical kinetics as boundary
conditions.
To validate the robustness of our modeling approach, a Laplace-Equation based modeling
coupled with mathematically fitted electrochemical kinetics from experiment as boundary
conditions was applied to simulate galvanic corrosion between Zn plate and SS 316 rods under
thin layer electrolyte condition. The effect of geometric, electrolytic parameters on the corrosion
distribution had been examined. The modeling results were then compared with experimental
results from a four-day modified B117 test by adding sodium persulfate to predict the thickness of
thin film electrolyte during the test from modeling. Major conclusions from this chapter are: (1)
for geometric parameters, galvanic corrosion between Zn plate and SS rods can be intensified by
increased number of cathode rod (SS) and shorter spacing between two adjacent SS rods; (2) for
electrolytic parameters, the high ohmic resistance due to thin WL and low solution conductivities
can decrease the cathode current delivery power from the SS cathode; (3) for a combined effect of
both geometric and electrolytic parameters, the lowest electrolytic ohmic resistance from shortest
spacing resulted in more interaction between two SS rods and the Zn portion in between, and the
galvanic corrosion became more significant as WL went below 800 𝜇m, due to the enhanced mass
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transfer limited cathodic kinetics from SS cathode to provide more cathode current to maintain the
corrosion of Zn; (4) WL=3,500~4,000 𝜇m would be the appropriate WL range formed on the
sample surface during modified B117 salt fog testing; (5) the robustness of Laplace-Equation
based modeling is highly dependent on the boundary conditions, experimentally determined
electrochemical kinetics as boundary conditions are the most appropriate choice sine they can truly
reflect the electrochemical response of anode/cathode to the surrounding solution environment.
In the study of the effect of electrolyte layer thickness, the total cathodic current capacity
of a surface on the electrolyte film thickness and cathode size in a galvanic couple to support the
corrosion of AA7050 were accessed. It spans the range of WL thickness from full immersion
conditions (where the total cathode current scales with cathode size) to the thin film regime in
which the WL is the diffusion boundary layer thickness. In order to fully assess the transition from
thin film to thick film condition, an understanding of the natural convection layer thickness is
required. The natural convection layer defines the upper limit for true thin film behavior for
atmospheric corrosion, and it can be experimentally determined by combining RDE experiments
with data from quiescent conditions. For the conditions studied here, the natural convection
boundary layer was found to be close to 800 m. Electrolyte layer domains were delineated by
three limits which described, in order of decreasing film thickness: (1) transition in exposure
condition from full immersion to thick film, (2) the hydrodynamic boundary layer due to natural
convection which defined the upper limit of the thin film regime, and (3) the relative dominance
of ohmic resistance over mass transport in determining the total current output. This study also
showed that for sufficiently thin films, this total current was independent of the size of the cathode
and the nature of kinetics at the electrochemical interface, being solely driven by the ohmic
resistance in solution.
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In the study of the solution chemistry effect, the effect of solution pH, conductivity,
pertinent cation species (Al3+, Zn2+ and Mg2+) on the electrochemical and galvanic corrosion
distributions between SS316L and AA7050 was well studied. For the aspect of solution pH and
conductivity, a FEM based modeling approach with experimentally determined electrochemical
kinetics as boundary conditions was used to simulate potential and current density distributions in
the galvanic coupling with a simulated fastener-hole configuration based on different pH and
conductivity assumptions in the solution. It shows that the acidic crevice solution at the mouth
leads to more severe corrosion at the occluded site of the crevice than mild alkaline crevice solution.
It has been indicated that linear conductivity assumption is good enough to represent the effect of
varying conductivity on electrochemical distributions and reflect corrosion behavior along the
anode if one focus on the study of anode only, implying that conductivity might be a secondary
factor affecting electrochemical distributions in the galvanic coupling; but the estimation of
conductivity function should be within a reasonable range (1~17 S/m in this study). As for the
aspect of pertinent metallic cation, Zn2+ and Mg2+ show inhibitive effect due to formation of
precipitate on Cu-containing IMCs embedded in the AA7050 surface thus impeding ORR activity;
whereas Al3+ shows promotive effect on HER cathodic kinetics due to enhanced proton diffusivity,
this effect is not only observed on Al alloys, but also on Pt and stainless steel. The cation study for
the galvanic couple indicates that: addition of Al3+ or Mg2+ into NaCl solution significantly affects
galvanic corrosion between AA7050/SS316L. Al3+ is corrosion accelerator, and Mg2+ is corrosion
inhibitor.
The effect of oxide film properties (thickness, composition, resistivity and etc.) on the
cathodic kinetics of stainless steel were investigated. It can be concluded that: (1) when the passive
oxide film is thin (~2nm), the effect of electrolyte layer thickness overwhelms that of oxide film
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thickness in terms of ORR cathodic kinetics as long as electrolyte layer thickness is larger than 36
𝜇m; below this critical electrolyte layer thickness, the effect of oxide film becomes comparable to
that of electrolyte layer thickness and has lower cathodic limiting current density compared to the
scenario in which only electrolyte layer thickness matters; (2) at the same electrolyte layer
thickness (<36 𝜇m), magnitude of cathodic limiting current density after three different surface
treatment follows this order: cathodically-pre-reduction> immersion at OCP for 1.5hrs> chemical
treatment by HNO3; (3) the effect of oxide film properties at ascending pre-oxidation potential on
the cathodic kinetics during ORR potential range of SS304L and SS316Lwas investigated: for both
steels, as oxidation potential increases, the mount of Cr3+ in oxide film initially increases from
corrosion potential to 0~0.4 VSCE, and then decreases over increasing potential and is oxidized to
Cr6+ once the potential is higher than 0.63VSCE; the amount of Fe3+ in general increases with
ascending potential; the oxide film thickness also increases with increasing potential; at
transpassive potential, although film has the largest thickness but its resistivity is lowest. A higher
Fe3+ content in the oxide film during oxidation stage will result in a larger cathodic current density
due to larger Fe3+-to-Fe2+ reduction current density during the scan in the negative potential
direction, and provide more Fe2+ sites for larger ORR cathodic kinetics during the scan in the
reverse direction, since active Fe2+ site is believed to facilitate ORR. After transpassive prepotential, SS316L has even larger cathodic current density than Pt SS304L at the same condition
during the scan in the negative potential direction due to more availability

of Mo6+ species and highest Fe3+ content in the oxide film, as well as lowest film resistivity
and total corrosion resistance.
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At last, in the study of geometric parameter effects, the area ratio of cathode to anode, and
crevice geometry were investigated. In the study of area ratio, a galvanic crevice former between
AA7050 and SS316L was utilized to evaluate the dependence of pH and dissolution current density
of AA7050 on the cathode-to-anode ratio. It can be concluded from this study that: higher area
ratio geometry leads to more severe corrosion focused at the crevice mouth, resulting in larger
potential and pH variation from crevice center to mouth as well as higher anodic current density.
In the study of the scaling law for a galvanic-coupling induced crevice between SS316L and
AA7050-T7451, the effect of electrolyte layer over the external SS cathode surface, crevice
solution chemistry and wall condition of internal SS cathode were considered in the study. It is
concluded that: scaling law is valid for the crevice with passive internal SS wall, as well as one
with active internal SS wall but with no Al3+ presented in the crevice solution. It is also found that
Lcrit2/G is more applicable to galvanic-coupling induced crevice than Lcrit/G, but Lcrit2/G varies with
WL and internal SS wall condition. Active SS wall condition and smaller WL generally lead to a
higher Lcrit2/G as long as WL>= 200 𝜇m.
7.2

Recommended Future Work
•

The boundary conditions in our Laplace-Equation based modeling approach will be
modified in a way such that they can be adapted in response to change in solution
chemistry, electrode properties over time; we will also relax the modeling constraints
in Laplacian framework into full Nernst-Planck -Equation based one, and then compare
the results between these two different approaches.

•

For the corrosion simulation in thin film electrolyte condition, we will extend the
current framework in which electrolyte layer thickness remains static, to a more
realistic scenario in which the film thickness becomes a
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•

dynamic representative of wet and dry cycling. Furthermore, to validate the
electrochemical distributions in thin film electrolyte condition, multielectrode array
(MEA) and scanning Kelvin probe (SKP) will be utilized to determine current and
potential distributions in the galvanic corrosion system.

•

Further experimental exploration of interaction between metal-rich primer (MgRP,
ZnRP, and AlRP) coated AA7050 and SS316L will be continued, focusing on the
determination of corrosion solution composition in a thin film electrolyte condition
after a certain period of exposure time by inductive coupled plasma-optical emission
spectroscopy (ICP-OES), and then a new modeling setup with the consideration of
metal-rich primer in the realistic corrosion solution determined by ICP-OES will be
developed.

•

A point defect model will be developed in order to delineate oxygen diffusion within
the oxide film and oxygen reduction reaction at the oxide/metal interface on stainless
steel during cathodic polarization within the ORR potential range.

•

Microfabrication technique will be utilized to experimentally generate crevice formed
by AA7050 and SS316L and then experimentally validate the scaling law and compare
with modeling results.
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