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Abstract           

Localized corrosion, such as pitting, crevice corrosion or galvanic corrosion, is a long-

standing phenomenon that can greatly limit the life of metallic materials. For decades 

experimental methods have been used to try to understand the underlying physical, 

chemical and electrochemical processes that control localized corrosion in order to find 

effective protection methods against its propagation. The complexity of the phenomenon 

and its small geometric size have often severely restricted the basic understanding of local 

corrosion. In recent decades, computational methods have been developed as an alternative 

to the experimental methods. Compared to experimental methods, modeling and numerical 

simulation enable complicated systems to be systematically investigated without 

considering the inherent constraints of experimental methods. 

    In the current Doctoral thesis, advanced calculation methodology has been used to study 

galvanic corrosion of an aluminum alloy with geometric resolution at micrometer level. 

The computational platform has been a commercial FEM-based software, COMSOL 

Multiphysics, which was combined with another software, Matlab. The current model 

system consists of a semi-spherical intermetallic particle, surrounded by a pure aluminum 

matrix. The aluminum surface is covered by an inert passive film, except for a ring-shaped 

surface around the particle itself. By assuming that the particle is electrochemically more 

noble than aluminum, it acts as a cathode and the surrounding aluminum ring as anode. By 

utilizing the FEM-based software, it has been possible to incorporate important 

physicochemical reactions, including the electrochemical anode and cathode reactions of 

the individual phases, mass transport of various chemical compounds formed during 

ongoing electrochemistry, homogeneous reactions in the electrolyte, as well as deposition 

of corrosion products consisting of Al(OH)3 along parts of the anodic area. 

    What has made this study a significant step forward is that not only chemical changes but 

also geometrical changes have been taken into consideration in the simulation of ongoing 

micro-galvanic corrosion. Particularly challenging has been to mathematically master the 

gradual deposition of compact Al(OH)3 on an aluminum surface which gradually dissolves 

anodically. In the initial modeling work, the deposition of Al(OH)3 was assumed to occur 

only on the electrode surface, resulting in a gradual blockage of surface activity. In an even 
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more advanced stage, the modeling has also sought to simulate the effect of a deposited 

porous film of Al(OH)3, formed through homogeneous reactions in the electrolyte. By 

taking into account inhibited diffusion and migration of chemical products that the porous 

film causes, its sterically inhibiting effect has for the first time been quantitatively 

interpreted. The porous corrosion product can most closely resemble the lid experimentally 

observed above local corrosion attacks, which leads to an even more diminished surface 

activity in electrochemical reactions compared with the deposition of only compact 

corrosion products on the anode surface. 

    The kinetic model has resulted in a significantly deeper insight into the mechanism of 

micro-galvanic corrosion of the investigated system. The simulation has been shown to 

predict the time-dependent geometric changes of the anodically dissolved aluminum 

surface as well as the flow and distribution of generated chemical products. Contrary to the 

widely accepted perception that Al(OH)3 is not stable in the occluded acidified electrolyte 

environment, the calculations predict a higher local pH in the occluded electrolyte. This 

means that insoluble Al(OH)3 can be deposited on the electrode surface, the blocking effect 

of which may lead to a termination of the micro-galvanic corrosion. If the ring width is 

initially 0.5 µm or less, transport of OH- ions from the cathode surface to the occluded 

electrolyte environment is limited, leading to a local acidification within the occluded 

dissolving volume. At a given anodic ring width, an increased radius of the cathodic 

particle instead leads to an increased anodic dissolution rate by formation of a larger area 

for the cathode reaction. Variation of the chemical parameters in the electrolyte also shows 

that the simulated micro-galvanic corrosion rate of aluminum has a minimum at pH = 6. 

Both more acidic and more alkaline conditions result in an elevated anodic dissolution of 

aluminum. When pH ≤ 4, the deposition of Al(OH)3  becomes negligible, and the micro-

galvanic corrosion will continue uninterrupted, completely in accordance with experimental 

data.  

 

Keywords 

Finite Element Method (FEM), Modelling, Micro-galvanic corrosion, Al alloy, corrosion 

product deposition, chemical factors, steric hindrance effect 
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Sammanfattning 

Lokalkorrosion, i form av exempelvis gropfrätning, spaltkorrosion eller galvanisk 

korrosion, är ett sedan länge känt fenomen, som starkt kan begränsa livslängden hos 

metalliska material. Under flera decennier har experimentella metoder använts för att 

försöka förstå de bakomliggande fysikaliska, kemiska och elektrokemiska processer som 

styr den lokala korrosionen för att på så sätt kunna hitta effektiva skyddsmetoder mot dess 

utbredning. Fenomenets komplexitet och ringa geometriska storlek har ofta starkt begränsat 

den grundläggande förståelsen för lokalkorrosion. Jämfört med experimentella metoder 

möjliggör modellering och numerisk simulering baserad på FEM att komplicerade system 

kan undersökas mer systematisk utan hänsyn till de experimentella metodernas inneboende 

begränsningar.  

    I det aktuella avhandlingsarbetet har avancerad beräkningsmetodik använts för att 

studera galvanisk korrosion av en aluminiumlegering med geometrisk upplösning på 

mikrometernivå. Den beräkningsmässiga plattformen har varit en kommersiell FEM-

baserad mjukvara, COMSOL Multiphysics, som kombinerats med en annan mjukvara, 

Matlab. Det aktuella modellsystemet har utgjorts av en halvsfärisk intermetallisk partikel, 

omgivet av rent aluminium. Aluminiumytan har täckts av en inert verkande passivfilm, 

undantaget en ringformad yta kring själva partikeln. Genom att partikeln antagits vara 

elektrokemiskt ädlare än aluminiumet har den verkat som katod och den omgivande 

aluminiumringen som anod. På så sätt har förutsättningar uppstått för galvanisk korrosion i 

aluminiumringen närmast partikeln. Genom att utnyttja den FEM-baserade mjukvaran har 

det varit möjligt att inkorporera tillgängliga experimentella data från viktiga fysikalisk-

kemiska reaktioner. Dit räknas de elektrokemiska anod- och katodreaktionerna hos de 

enskilda faserna, masstransport av olika kemiska föreningar som bildas under pågående 

elektrokemi, homogena reaktioner i elektrolyten, liksom utfällning av korrosionsprodukter 

bestående av Al(OH)3 längs delar av eller hela anodytan.  

    Vad som tagit beräkningarna ett viktigt men krävande steg framåt är att inte bara 

kemiska förändringar utan även geometriska förändringar har beaktats vid simuleringen av 

pågående mikro-galvanisk korrosion. Speciellt utmanande har varit att matematiskt 

bemästra den gradvisa deponeringen av kompakt Al(OH)3 på en aluminiumyta som 
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successivt löser upp sig anodiskt och därvid ändrar form. I det inledande 

modelleringsarbetet antogs deponeringen av Al(OH)3 endast ske på elektrodytan och där 

resultera i en gradvis blockering av ytaktiviteten. I ett än mer avancerat skede har 

modelleringen även sökt efterlikna effekten av en deponerad porös film av Al(OH)3 som 

bildats via homogena reaktioner i elektrolyten och kunnat fällas ut dels på elektrodytan dels 

i vätskefasen. Genom att ta hänsyn till hämmad diffusion och migration av kemiska 

produkter som den porösa filmen ger upphov till, har dess steriskt hindrande effekt för 

första gången kunnat tolkas kvantitativt. Den porösa korrosionsprodukten kan närmast 

liknas vid det lock som experimentellt observerats ovanför lokala korrosionsangrepp och 

som leder till en än mer minskad ytaktivitet hos elektrokemiska reaktioner jämfört med 

deponering av enbart kompakta korrosionsprodukter på anodytan. 

    Den kinetiska modellen har gett en väsentligt djupare inblick i mekanismen för mikro-

galvanisk korrosion hos det undersökta systemet. Simuleringen har visat sig kunna 

förutsäga de tidsberoende geometriska förändringarna hos den anodiskt upplösta 

aluminiumytan samt flödet och fördelningen av genererade kemiska föreningar. I motsats 

till den allmänt accepterade uppfattningen att Al(OH)3 inte är stabil i den instängda 

försurade elektrolytmiljön närmast den anodiskt upplösta aluminiumytan, förutsäger 

beräkningarna ett högre lokalt pH i den instängda elektrolyten. Detta för med sig att olösligt 

Al(OH)3 kan deponeras på elektrodytan, vars blockerande effekt i sin tur kan leda till en 

successiv avslutning av den mikro-galvaniska korrosionen. Om ringbredden initialt är 0.5 

µm eller mindre, hämmas transporten av OH- -joner från katodytan till den instängda 

elektrolytmiljön varvid deponering av Al(OH)3 hämmas. Vid en given anodisk ringbredd 

leder en ökad radie hos den katodiska partikeln i stället till en ökad anodisk 

upplösningshastighet genom formering av ett större område för katodreaktionen. Variation 

av de kemiska parametrarna i elektrolyten visar också att den simulerade mikro-galvaniska 

korrosionshastigheten av aluminium har ett minimum vid pH = 6. Såväl mer sura som mer 

alkaliska förhållanden leder till en förhöjd anodisk upplösning av aluminium. När pH ≤ 4 

blir deponeringen av Al(OH)3 försumbar, och den mikro-galvaniska korrosion kommer att 

fortgå oavbrutet, helt i överensstämmelse med experimentella data.  

 



	 ix	

List of appended papers 

Paper I.  

A FEM model for investigation of micro-galvanic corrosion of Al alloys and effects of 
deposition of corrosion products  

Litao Yin, Ying Jin, Christofer Leygraf, Jinshan Pan  
Electrochimica Acta, 192 (2016) 310–318. 

 

Paper II.  

Numerical Simulation of Micro-Galvanic Corrosion in Al Alloys: Effect of Geometric 
Factors  
Litao Yin, Ying Jin, Christofer Leygraf, Nick Birbilis, Jinshan Pan  

Journal of The Electrochemical Society, 164 (2017) C75-C84. 
 

Paper III.  

Numerical Simulation of Micro-Galvanic Corrosion of Al Alloys: Effect of Chemical 
Factors  
Litao Yin, Ying Jin, Christofer Leygraf, Jinshan Pan  

Journal of The Electrochemical Society, 164 (2017) C768-C778. 
 

Paper IV.  

Numerical Simulation of Micro-Galvanic Corrosion in Al Alloys: Steric Hindrance Effect 
of Corrosion Product  
Yongchao Wang, Litao Yin, Ying Jin, Jinshan Pan, Christofer Leygraf  

Journal of The Electrochemical Society, 164 (2017) C1035-C1043.  
 

 

 

 



	 x	

Author contribution to the papers 

The contribution of the respondent to the papers is listed below: 

Paper I: All the modelling and simulation work, including the planning of simulation work 

and evaluation of results. All the experimental work and evaluation of the experimental 

results. Main part of writing the paper. 

 

Paper II: All the modelling and simulation work, including the planning of simulation 

work and evaluation of results. Main part of writing the paper. 

 

Paper III: All the modelling and simulation work, including the planning of simulation 

work and evaluation of results. Main part of writing the paper. 

 

Paper IV: Equal contribution with the first author to the modelling and simulation work, 

including the planning of simulation work and evaluation of results. Part of writing the 

paper. 

 

 

 

 

 

 



	 xi	

Symbols  

ci                   concentration of species i 

Di                 diffusion coefficient of species i 

Zi                  charge number of species i 

mi                 electrical mobility of species i 

t          time 

F          Faraday constant 

u                   flow velocity 

𝜙!                 potential in the electrolyte 

Ri                           source of species i from the homogeneous reactions  

kforward               forward reaction rate constant of the homogeneous reaction	

kbackward         backward reaction rate constant of the homogeneous reaction	

SAl(OH)3             solubility of Al(OH)3 

𝜃                   coverage of deposited corrosion product 	

𝛿                   thickness of deposit layer that completely blocks the active surface  

𝑀!" !" !       molar mass of Al(OH)3	

𝜌!" !" !        density of Al(OH)3 

Vmesh              volume of the calculated mesh unit 

Smesh                 projected area of the calculated mesh unit 

csat                 saturated O2 concentration (0.258 mol/m3) 

Keq                 equilibrium constant for Al(OH)3 deposition 

𝑐!"                 cumulative molar concentration of the deposited Al(OH)3 	

𝑐!"#$%!&        molar concentration of the compact solid Al(OH)3 

R                    gas constant	

T                    thermodynamic temperature	

ε                     porosity of the porous Al(OH)3	

𝜀!                    critical minimum porosity corresponding to the most dense state of Al(OH)3  

𝐷!,!""             effective diffusion coefficient of species i 

𝑚!,!""            effective migration mobility of species i 

𝜎!                   conductivity of the electrolyte  



	 xii	

𝑅!,!""															effective production rate of species i through the homogeneous reactions	

(r, ω, z)          radial, angle and axial coordinates for the cylindrical coordinates 

(x, y)               spatial coordinates  

(X, Y)              material coordinates 

Rparticle                 radius of the cathodic particle 	

Rring                anodic ring width 	

 

 

 

 

	

 

 

 

 

 

 

 

 

 



	 xiii	

Table of Contents 

Abstract..................................................................................................................................v 

Sammanfattning..................................................................................................................vii 

List of appended papers......................................................................................................ix  

Author contribution to the papers.......................................................................................x 

Symbols.................................................................................................................................xi 

Table of contents................................................................................................................xiii 

1 Introduction........................................................................................................................1 

  1.1 Motivation and scope....................................................................................................1 

  1.2 Background and applications of high strength Al alloys...........................................3 

  1.3 Micro-galvanic corrosion in Al alloys induced by intermetallic particles...............4 

  1.4 Modelling and simulation work...................................................................................7 

      1.4.1 Introduction of Finite Element Method (FEM) .......................................................7 

      1.4.2 Existing FEM models for simulating localized corrosion in Al alloys....................8 

2 Establishment of the primary model (Paper I)..............................................................11 

  2.1 Experimental background..........................................................................................11 

      2.1.1 Microstructure and relative nobility of intermetallic particles in Al 7075.............11 

      2.1.2 In-situ AFM monitoring of localized corrosion in Al 7075...................................13 

  2.2 Model assumptions and main features......................................................................13 

  2.3 Physical and mathematic model ...............................................................................15 

      2.3.1 Local electrochemical reactions on the single phases............................................16 

      2.3.2 Mass transport and homogeneous reactions ..........................................................16 

      2.3.3 Deposition of corrosion product and concomitant blocking effect .......................18 

  2.4 Numerical method.......................................................................................................19 

      2.4.1 Definition of the heterogeneous microstructure ....................................................19 

      2.4.2 Moving boundary tracing method..........................................................................19 

  2.5 Main results and discussion........................................................................................20 

      2.5.1 Propagation of corroding surface without and with deposit..................................21 

      2.5.2 Local pH distribution within the dissolving volume..............................................22 

      2.5.3 Temporal evolution of the integrated anodic and cathodic currents......................22 

  2.6 Conclusions..................................................................................................................23 



	 xiv	

3 Effect of geometric factors on the micro-galvanic corrosion in Al alloys (Paper 

II)..........................................................................................................................................25 

  3.1 Geometric factors of the micro-galvanic couple.......................................................25 

  3.2 Effect of cathodic particle radius (Rparticle)................................................................27 

      3.2.1 Influence of Rparticle on the cathodic and anodic current densities ........................27 

      3.2.2 Influence of Rparticle on the Al(OH)3 deposition and blocking effect.....................28 

      3.2.3 Influence of Rparticle on the integrated anodic and cathodic currents .....................28 

  3.3 Effect of anodic ring width (Rring)..............................................................................29 

      3.3.1 Influence of Rring on the cathodic and anodic current densities ............................29 

      3.3.2 Influence of Rring on the Al(OH)3 deposition and blocking effect ........................30 

      3.3.3 Influence of Rring on the integrated anodic and cathodic currents..........................32 

  3.4 Conclusions..................................................................................................................33 

4 Effect of chemical factors on the micro-galvanic corrosion in Al alloys (Paper 

III).........................................................................................................................................35 

  4.1 Chemical-dependent electrochemical kinetics .........................................................35 

      4.1.1 pH-dependent electrochemical kinetics ................................................................35 

      4.1.2 pH-O2 concentration-dependent electrochemical kinetics.....................................36 

  4.2 Effect of bulk pH.........................................................................................................38 

      4.2.1 Influence of bulk pH on the anodic and cathodic current densities ......................38 

      4.2.2 Influence of bulk pH on deposition of Al(OH)3 and propagation of active 

surface...................................................................................................................................38 

  4.3 Effect of bulk O2 concentration.................................................................................40 

      4.3.1 Influence of bulk O2 concentration on the corrosion kinetics ...............................40 

      4.3.2 Influence of bulk O2 concentration on the deposition of Al(OH)3.........................41 

  4.4 Conclusions..................................................................................................................42 

5 Steric hindrance effect of deposited corrosion product on the micro-galvanic 

corrosion in Al alloys (Paper IV).......................................................................................43 

  5.1 Further development of the model............................................................................43 

      5.1.1 Deposition of porous corrosion product.................................................................43 

      5.1.2 Mass transport and homogeneous reactions...........................................................44 

  5.2 Main results and discussion........................................................................................46 

      5.2.1 Corrosion product distribution and deposition rate................................................46 



	 xv	

      5.2.2 Conductivity and current density distribution in the electrolyte............................47 

      5.2.3 Oxygen flux and pH distribution in the electrolyte................................................49 

      5.2.4 Temporal evolution of the integrated anodic and cathodic currents......................50 

  5.3 Conclusions..................................................................................................................52 

6 General conclusions and implications............................................................................53 

7 Outlook..............................................................................................................................55 

Acknowledgements..............................................................................................................57 

References............................................................................................................................59





	 1	

1 Introduction  

1.1 Motivation and scope 

Localized corrosion, e.g., pitting [1-9], crevice corrosion [10-15], etc., is more harmful and 

dangerous than uniform corrosion for materials service, and crucial for lifetime prediction 

of engineering facilities. A thorough understanding of localized corrosion kinetics is 

important for both corrosion prognosis and corrosion protection. As the key issues, the 

initiation and propagation of different types of localized corrosion have been extensively 

studied for several decades [16-18]. For instance, Galvele [1] believed the localized 

acidification due to metal ion hydrolysis is the main reason for passivity breakdown at the 

initial stage of pit growth. He formulated a criterion for stable pits growth, x · i ≥ 10−2 A/cm, 

where x is the pit depth and i is the anodic current density inside the pit. Later, Williams et 

al. [3, 5] and Pride et al. [19] also proposed similar criteria. Frankel [6] reviewed critical 

factors for pitting corrosion of metals, and discussed the influence of alloys composition, 

environment, potential and temperature. In the case of aluminum (Al) alloys, the 

intermetallic particles (IMPs) are always observed to be the initiation points for the 

localized corrosion [17, 20-30]. When exposed to a corrosive environment, the interplay 

between the heterogeneous microstructures and the chemical environments makes the 

localized corrosion in Al alloys a complicate system involving multi-phase and multi-

physicochemical processes, and with corrosion proceeding, the active electrode surface is 

changing all the time.  Due to the intrinsic limitations, traditional experimental methods are 

not capable to investigate the kinetics of such a corroding system, especially, when the 

featured scale is micrometer or even smaller. 

    Development of computation techniques in the recent decades makes it possible to apply 

modelling and numeric simulation in rationalising and quantifying the phenomenology of 

localized corrosion [31-35]. However, existing models have been built based on quite 

simplified assumptions, without considering the dynamic change of the electrode geometry 

and effect of the consequent changes in the local environment. As a further development, in 

this thesis, we aim to build a more advanced localized corrosion model, focusing on the 
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investigation of micro-galvanic corrosion induced by cathodic intermetallic particles in Al 

alloys.  

    The scope of this doctoral thesis is schematically shown in Fig. 1.1. In chapter 2, a 

primary model was established by taking into account the electrochemical kinetics of the 

single phases, the mass transport of species and homogeneous reactions in the electrolyte, 

the deposition of corrosion product and its blocking effect on the surface activity. Moreover, 

this model considers the changing of geometry of the dissolving surface. Based on the 

primary model, the effect of the geometric factors (radius of cathodic IMPs and the width 

of the anodic ring) and the chemical factors of the environment (bulk/local pH and bulk O2 

concentration) were investigated in chapter 3 and 4, respectively. As a further development 

of the primary model, a multi-dimensional deposit model was proposed to better describe 

the steric hindrance effect of the porous corrosion product in chapter 5.  

 

Figure 1.1. Schematic scope of the doctoral thesis. 
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1.2 Background and applications of high strength Al alloys 

High strength Al alloys are widely used in many fields as structural materials because of 

their high strength/weight ratio, especially in the aerospace and vehicle industry, and the 

most commonly used are the 2xxx series (Al-Cu) and the 7xxx series (Al-Zn-Mg-Cu) [36, 

37]. Promoted by creative design in airplane and vehicle, the requirement on the material 

quality is becoming higher and higher [38, 39]. In industry, usually the relatively high 

performance can be gained by adding different alloying elements, for instance, Cu, Fe, Mn, 

Zn Cr, etc. in the metallurgical process. Other than that, the following processing, e.g. 

casting, quenching, reheating and aging, etc., can further improve the mechanical strength 

by forming different kinds of heterogeneous microstructures [40].  

    Fig. 1.2 [41] shows a summary for the processing commonly used, the microstructures 

possibly formed during metallurgical process, and the concomitant property of the materials, 

as well as the relationship between these parts. It has been a consensus that the 

heterogeneous structure formed is necessary to improve the mechanical strength, but from a 

material service safety point, these heterogeneities can be harmful for the corrosion 

resistance of the material.  

 

Figure 1.2. Relationship sketch for the processing-microstructure-property in the 

metallurgical process of high strength Al alloys [41]. 
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1.3 Micro-galvanic corrosion in Al alloys induced by intermetallic 

particles  

For multi-element alloys with heterogeneous microstructures, micro-galvanic couplings 

exist between different constituent components due to their difference in relative nobility 

[17, 21, 42-44], implying a risk for localized corrosion when exposed to a corrosive 

environment. In the case of Al alloys, depending on the composition, the IMPs show 

different relative nobility (polarity) when coupled with Al matrix [45-48]. Based on the 

corrosion potential data, Buchheit [49] compiled a list for the common IMPs present in Al 

alloys, providing information for galvanic coupling relationship. Generally speaking, the 

IMPs containing more noble elements (e.g. Cu, Fe, Mn etc.) exhibit cathodic character, 

leading to prior dissolution of the surrounding Al matrix [6, 17, 25, 50]. Some other IMPs 

containing active elements, e.g. Mg, Si, Zn, etc. exhibit anodic character, and the IMPs are 

prone to dissolve when coupled with Al matrix [16, 22, 23, 51]. Considering the number, 

volume and density of the cathodic IMPs are significantly higher than the anodic particles, 

the localized corrosions induced by the larger cathodic particles are believed more 

important for the service safety of Al alloys [25, 33, 52, 53].  

    Fig. 1.3 [54] depicts a sketch for a typical pitting-like localized corrosion induced by 

cathodic IMPs in Al alloys. As can been seen, such a corrosion system is quite complicate, 

involving multi-phases (gas/liquid/solid) and multi-dynamic (heterogeneous/homogeneous 

reactions, mass transport etc.) processes [55]. It has been widely accepted that the cathodic 

particles rich in Fe (Al3Fe) or Cu (Al2Cu) can catalysis oxygen reduction [56, 57], 

providing galvanic driving force for metal dissolution in the Al matrix, and result in a circle 

corrosion volume surrounding the particle, termed as ‘trench’[23, 24, 42, 43]. However, the 

reason for a trench initiation has been debated for a long time, and different hypothesis 

have been proposed. 

    Rynders et al. [21] observed that the metal dissolution preferentially initiates in the area 

with higher area ratio of the particles, for instance, surrounding the particle with irregular 

shape or in the middle area between different particles. They believe that the particles rich 

in Fe act as local cathode, support oxygen reduction and generate more OH- ions, resulting 

in the increase of local pH near the surface of the particles. The local alkalization 



	 5	

surrounding the particle makes the passive layer unstable, and Al dissolution initiates there. 

Park et al. [17] first measured the increased local pH surrounding the cathodic particles, 

providing direct evidence supporting the cathodic trenching mechanism. Other researchers 

have observed similar results. However, Alodan et al. [43] calculated the pH distribution 

surrounding one cathodic particle in the solution with different bulk pH values. They found 

that, in neutral solution, the local alkalization occurs, while the alkalization does not occur 

for solution with bulk pH = 4. Moreover, usually the environment within the local 

corroding volume is acidic [4, 55]. The mechanism for trench initiation by local 

alkalization surrounding the cathodic particles cannot explain the local acidification within 

the corroding volume. 

 

Figure 1.3. Sketch for a typical pitting-like localized corrosion induced by cathodic IMPs 

in Al alloys [54]. 

 

    Recently, detailed analysis of the microstructure of Al alloys revealed abundant 

variations both in the composition and microstructure of the IMPs, and the polarity of the 

particles couldn’t be justified only from the nobility of their metal elements [53, 58-61]. 

Based on the AFM-based SKPFM measurement, Leblanc and Frankel et al. [44] found that 
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the galvanic coupling effect between the cathodic particles and the Al matrix strongly 

influences the development of localized corrosion. Liao and Wei [62] measured the 

galvanic current between pure Al and synthesized Al-Fe, Al-Fe-Cu-Mn phases by using 

zero resistance ampere meter. They believe that, in addition to the local environment, the 

galvanic coupling effect between the cathodic particle and the Al matrix can be also quite 

important in the development of localized corrosion. Schneider et al. [23, 24] claimed that 

the trench formation couldn’t be explained only by local pH increase. They believed that, 

surrounding the large cathodic particles there is an anodic area with width of hundreds of 

nanometers, which can be the area free of dispersion particles or the Cu depletion area. 

Pitting more easily occurs in such places with lower pitting potential. 

    As a conclusion, both the microstructure and the local environment can be crucially 

important for the initiation and development of localized corrosion induced by cathodic 

particles. Abovementioned experiment results and hypothesis only provide the description 

of the corrosion extent and corrosion morphology qualitatively. Knowledge of quantitative 

evolution of the corrosion kinetics for the intermetallic particles is necessary for a better 

understanding of the localized corrosion mechanism. The micro-scaled size of the IMPs 

makes the experimental electrochemical measurement extremely difficult. Utilizing a 

micro-capillary cell, Andreatta et al. [58-60] and Birbilis et al. [33, 53, 61] managed to 

obtain electrochemical polarization curves on single phase IMPs, accumulating important 

electrochemical kinetics needed for further investigations. 

    Even though substantial achievements have been made in understanding the mechanism 

of localized corrosion owing to the advanced experimental methods available in recent 

decades, we are still far away from a precise, reliable and universal characterization for a 

given localized corrosion system, not only the investigated Al alloys but also other alloys. 

As shown in Fig. 1.3, the localized corrosion system is complicated since it involves 

different kinetic processes. Moreover, once the corrosion commences, the situation 

becomes even worse because the change of dissolving surface geometry [31, 63, 64]. The 

interplay between the complicated microstructure and the chemical environment, which are 

varying in space and time, gives rise to a huge obstacle for experimentalists to clearly 

evaluate influence of different factors separately, and to gain a thorough understanding of 

the corrosion mechanism. For this purpose, the modelling and simulation show an obvious 



	 7	

advantage compared with experimental method, and are becoming more and more popular 

in corrosion research field. 

1.4 Modelling and simulation work  

1.4.1 Introduction of Finite Element Method (FEM) 

During last several decades, fast development of computation techniques has enabled 

theoretical modelling and numerical simulation in the engineering field [7, 11, 65-74]. 

Among which, Finite Element Method (FEM) has been proved powerful to solve physical 

problems formulated by Partial Differencial Equations (PDEs) with special boundary 

conditions, e.g., the solid mechanism [75, 76], fluent dynamics [77, 78], heat transfer [79, 

80], etc. Compared with experimental methods, modelling and numeric simulation provide 

new methodology for investigation of complicate systems theoretically and quantitatively.  

    Integration is the theoretic foundation for FEM. The weighted residual method provides 

a way to rewrite the differential equations in a form of integral expression, and the method 

to solve the linear system of equations makes it possible to deal with huge equations 

generated during the numeric simulation of a FEM model [81-84].  

    The main idea of FEM model is to disperse the calculation area into separate and non-

covered units, and for each unit, appropriate points are chosen to do the interpolation. 

Based on this, the variables in the differential equations can be rewritten as a linear 

expression containing the value of the variables or their derivatives at the chosen 

interpolation points. By applying the weighted residual method, the discrete differential 

equations can be solved [85]. 

    The procedure for solving a differential equation by using the FEM is as follow [86]: 

    (1) Build up the corresponding integral expression for the differential equation. This is 

the start point for FEM. 

    (2) Disperse the calculation area into discrete and non-covered units. This is the 

necessary preparation for FEM. In this step, we need to number all the units and the 

interpolation points chosen for each units, and to identify the relationship among them. 
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Meanwhile, we need to address the points on the boundary. 

    (3) Choose the basis functions to do the interpolation according to the number of the 

interpolation points in one unit and the requirement for the accuracy. 

    (4) Unit analysis: in each unit, the target function can be approximated by a combined 

linear expression of basis functions, then plug this approximated expression into the 

integral equation (built in (1)), and do the integration for the single unit. By doing this, we 

get algebraic equations containing the undetermined coefficients, called finite equations for 

the units. 

    (5) Assemble all the finite equations for the units in the whole calculation area together 

by following special rules to get the integral finite equations. 

    (6) Conduct the same operation for the boundary conditions. There are three types of 

boundary condition, essential (Dirichlet) boundary condition, nature (Riemann) boundary 

condition and the mixed (Cauchy) boundary condition. 

    (7) Solve the finite element equations. Each integral finite element equation with the 

boundary revision is a closed equation containing undetermined coefficients. By using an 

appropriate numeric method, the function values at all the dispersed points can be obtained. 

    Thanks to the development of the computation techniques, now there are different 

commercial FEM software available for solving a given physical problem, for instance, 

ABQUS [87], COMSOL [88], ANSYS [89], etc. 

1.4.2 Existing FEM models for simulating localized corrosion in Al alloys   

Recently, modelling and numeric simulation are becoming more and more popular in the 

corrosion field. As a complement to experimental methods, many mathematic models have 

been proposed for corrosion prediction. Macdonald and Engelhardt [90] made a review and 

summarized the existing models into two types, the empiricism and the determinism. The 

empiricism models are some specific rules established based on vast experiment 

observations. For instance, the stochastic metastable pitting model [91, 92] and the criterion 

for metastable pitting transition into stable pitting [1] [3] [19] are the most commonly used 

ones. Even though the empiricism models make certain contributions to the engineering 
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field, there are instinct limitations for them to reveal detailed mechanism of localized 

corrosion theoretically. In contrast, building up determinism models by formulating clearly 

involved kinetic processes is more important for improving our understanding of localized 

corrosion mechanism.  

    Most of existing works using determinism models focused on pitting of stainless steel, 

discussing the criteria for repassivation. For instance, Sharland et al. [7, 11] built a steady-

state model incorporating the electrochemical, chemical and ionic migration processes, and 

used the model to characterize the crevice corrosion and pitting development in carbon 

steel. Walton et al. [14] established a transient model, which can describe the passive and 

active corrosion, as well as the active/passive transitions in a crevice corrosion system. 

Engelhardt et al. [93] developed a model employing quasipotential transformation, which 

was the first model that can be used to calculate the development of pit shape. Alkire and 

coworkers’ modeling work [69, 94-97] focused on predictions of critical solution 

compositions needed to trigger pitting corrosion induced by MnS inclusions in stainless 

steel. More recently, Sun et al. [34, 98] built a transient model, which considers the 

geometry change caused by metal dissolution and corrosion product deposition, and its 

consequent influence on the mass transport of species in- and out-ward of the crevice.  

    Comparatively, there are less modelling and simulation works done for localized 

corrosion in Al alloys, and most of early models were oversimplified by assuming a steady 

state for the homogeneous reactions in the electrolyte [67, 71, 73, 99]. Recently, Guseva et 

al. [32] made the first attempt to build a more complicated model aiming to simulate the 

local chemical environment in pits of pure Al. With this model it was able to consider all 

the thermodynamically possible heterogeneous reactions on the electrode surface and the 

homogeneous reactions in the electrolyte, providing corresponding kinetics for all the 

involved reactions. Guseva et al. [72] further employed the model to investigate the S phase 

dissolution in Al2024, and took into account all the involved homogeneous reactions 

explicitly by using their kinetic constants. As one step further, Abodi et al. [35] built a 

model considering more than one IMPs, including AlCuFeMnSi and Al2Cu, which are 

nobler than Al matrix, and Al2CuMg, which is less noble than Al matrix. According to the 

simulation results, they suggested, with a flat and complete electrode surface, the local 

chemical (Cl- ions, pH) change was not sufficient to cause active dissolution of Al matrix.  



	 10	

    It should be noted that all the abovementioned models have not considered the geometry 

change caused by the metal dissolution, which is believed to be critically important during 

localized corrosion development [6, 16]. Xiao and Chaudhuri [31] simulated pit 

propagation around a cathodic IMP, in which the effect of environmental factors, e.g., Cl- 

ion concentration and pH, as well as the pit morphology were investigated, with a changing 

dissolving surface.  

    To the authors’ best knowledge, expect Abodi’s work [35], most of existing models 

simulate the corrosion process by applying a fixed anodic potential to the electrode, without 

considering the galvanic coupling effect [7, 67, 69, 72]. To mimic the real situation of 

neutral corrosion system, it is necessary to use the corrosion kinetics purely driven by the 

galvanic coupling effect. In addition, deposition of corrosion product can significantly 

influence the development of localized corrosion occurring within an occluded volume [6, 

16, 100-104]. This effect has been rarely investigated till now. In this thesis work, by using 

a commercial FEM software, COMSOL Multiphysics, and combined with Matlab, we have 

made efforts to establish a comprehensive and universal dynamic model to investigate the 

micro-galvanic corrosion induced by cathodic IMPs in Al alloys, aiming to provide 

theoretical explanation for relevant empirical criteria, to deepen the understanding of 

different kinetic processes involved in the corrosion system, and to build up a model 

platform for further investigations of other similar corrosion systems. 
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2 Establishment of the primary model (Paper I)  

The IMPs play an important role in the localized corrosion in Al alloys. Extensive 

investigations have proved that the localized corrosion in Al alloys always associates with 

large cathodic IMPs, which contain more ‘noble’ elements (i.e., Cu, Fe, Mn, etc.), leading 

to local dissolution of the surrounding matrix, namely ‘trench formation’. Other than this, 

the dissolution of anodic IMPs has also been observed. In this work, we build the primary 

model based on the dissolution of Al matrix induced by cathodic IMPs. Owing to the 

flexibility of the modelling work in the parameters setting, a well-built model can be easily 

extended or modified to suit different application environments. 

    In response to challenges in directly measuring and monitoring localized corrosion, in 

this chapter we establish a FEM model with moving dissolution front to simulate micro-

galvanic corrosion of Al alloys at open-circuit conditions, by taking into account the local 

electrochemical reaction occurring on the single phases, the homogeneous reactions and 

mass transport in the electrolyte, also the deposition of corrosion product (Al(OH)3) and its 

concomitant blocking effect. 

2.1 Experimental background 

2.1.1 Microstructure and relative nobility of intermetallic particles in Al 7075 

An Atomic Force Microscopy (AFM, Bruker ICON) instrument with Scanning Kelvin 

Probe Force Microscopy (SKPFM) mode was used to measure the morphology and surface 

potential of the Al7075 samples. Prior to measurement, the sample surface was 

mechanically ground in water with abrasive SiC papers successively up to 4000 grits, then 

polished successively with 3, 1 and 0.25 µm diamond pastes on cloth pads, lubricated with 

ethanol. Afterwards, the polished sample was ultrasonically cleaned in ethanol for 5 

minutes, which was repeated three times.  

    As shown in Fig. 2.1, the AFM images on the left show the morphology and the ones on 

the right reveal the corresponding surface potential variation (vs. Si probe with PtIr coating). 

Fig. 2.1 shows two different types of IMPs, (a) cathodic particles with higher surface 
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potential compared to the surrounding matrix, (b) anodic particles with lower surface 

potential than the matrix. When exposed to the corrosive environment, the micro galvanic 

cell will form between different phases with different relative nobilities, i.e., between the 

cathodic IMPs and the surrounding matrix, or between the matrix and the anodic IMPs, 

even between different types of IMPs. 

 

Figure 2.1. Polished surface morphology and corresponding surface potential variation 

(vs. Si probe with PtIr coating) of IMPs in Al7075 sample, (a) cathodic particles, (b) 

anodic particles.  
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2.1.2 In-situ AFM monitoring of localized corrosion in Al 7075 

After the SKPFM measurement, in-situ AFM measurement was conducted on the Al7075 

sample by using Agilent 5500 SPM system. The scanning was performed in contact mode 

with a standard silicon probe at open-circuit condition in a 0.1 M NaCl solution. The 

changing morphology of the area with one micrometer-sized cathodic particle was recorded 

repeatedly during 53 hours. The AFM images in Fig. 2.2, revealed the changes in the 

morphology of the sample after 0, 26 and 53 hours, respectively.  

    At the very beginning (Fig. 2.2 (a)), the surface of the sample was quite clean, and the 

crevice around the particle could be formed during mechanical polishing of the sample. 

This is consistent with the model assumption, details of which will be introduced in the 

following chapter. After 26 hours (Fig. 2.2 (b)), some deposited corrosion product appeared 

on the surface of the sample. As shown by the line cross profile, the crevice width around 

the particle became broader with time, caused by metal dissolution in the region 

surrounding the particle, while the depth of the crevice was reduced after prolonged 

exposure (Fig. 2.2 (c)), which could be due to the deposition of corrosion product inside the 

crevice. Additionally, deposited corrosion product also appeared on the surface of the 

particle. All the abovementioned experimental results provide direct evidences supporting 

the following modelling and simulation work.  

2.2 Model assumptions and main features 

Considering experimental observations described in the last chapter, a model for simulating 

micro-galvanic corrosion induced by the cathodic particle was built, as shown in Fig. 2.3. 

The micro galvanic couple consisted of one cathodic particle with radius of 2 µm and the 

surrounding anodic ring area of 1 µm in width without passive layer. The remaining sample 

surface was covered by a passive layer. This micro-galvanic couple was exposed to 0.1 M 

NaCl solution with bulk pH = 7, consistent with the experiment conditions used in the in-

situ AFM measurement. Meanwhile, the following assumptions were also made in the 

modelling work: 

    (1) The passive layer was assumed to be inert, i.e., no dissolution and no activity. 
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Figure 2.2. In-situ AFM maps showing localized corrosion surrounding one cathodic 

particle in Al7075 at OCP in 0.1 M NaCl solution. 

 

    (2) The oxygen reduction reaction only occurred on the surface of the cathodic particle, 

and metal release from the cathodic particle was also ignored. On the other hand, the metal 

dissolution only occurred on the Al matrix, initiating from the break (absence) of the 

passive layer around the particle. 

    (3) Mass transport by the diffusion and electrical migration of species was considered in 

this model. Assuming a static electrolyte, the convection in the electrolyte was ignored. 

    (4) For the micro-galvanic model, no external potential was applied to the system, i.e., 

the driving force for metal dissolution purely came from the galvanic couple. 
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    (5) The model was able to trace the moving dissolving front caused by the metal 

dissolution, and thus consider the effect of geometry change on the local environment. 

    (6) The model was able to mathematically handle the deposition of corrosion product and 

evaluate its consequent effect on the localized corrosion development. 

 

Figure 2.3. Schematic diagram of kinetic processes involved in the micro-galvanic 

corrosion induced by one cathodic particle, and Al dissolution in the matrix area.  

 

2.3 Physical and mathematic model  

In this chapter, appropriate physical laws and corresponding mathematic equations are used 

to describe the physical processes involved in the abovementioned model, including the 

electrochemical reactions occurring on the single phases, mass transport of species and 

homogeneous reactions taking place in the electrolyte, as well as the deposition of 

corrosion product on the electrode surface. 
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2.3.1 Local electrochemical reactions on the single phases  

The polarization curves measured on the single phases by Birbilis et al. [61] were used as 

input parameters to describe the electrochemical kinetics. In the present model, oxygen 

reduction takes place only on the particle surface, and metal dissolution occurs only in the 

Al matrix area. According to the mixed potential theory and Evan’a diagram, the local 

electrochemical reactions are coupled through the condition that the integrated anodic 

current equals to cathodic current, leading to a mixed potential. Considering the 

geometrically changing of the dissolving front during the corrosion, the actual local anodic 

and cathodic areas would be changing continuously. As a result, the mixed potential 

(driving force) should be updated at each modeled time interval.  

Cathodic reaction: 𝑂! + 2𝐻!𝑂 + 4𝑒! → 4𝑂𝐻! 

Anodic reaction: 𝐴𝑙 → 𝐴𝑙!! + 3𝑒! 

2.3.2 Mass transport and homogeneous reactions  

The electrochemical reactions taking place on the electrode surface generate OH- and Al3+ 

ions, and consume O2, resulting in concentration gradients of these species. The gradients 

drive the mass transport of these species in the electrolyte. In this model, the Nernst-Planck 

equations for conservation of all species in the electrolyte are the governing equations, as 

shown by equation (1). 

𝜕𝑐! 𝜕𝑡 = −∇ ∙ −𝐷!∇𝑐! + 𝑐!𝒖− 𝑍!𝑚!𝐹𝑐!∇𝜙! + 𝑅!                                       (1) 

where t is time, F the Faraday constant. ci, Di, Zi, mi are the concentration, diffusion 

coefficient, charge number and electrical mobility for species i, respectively. Diffusion 

coefficients of different species considered in the model are listed in Table 2-1 [32, 72]. For 

a stagnant electrolyte in this model, the flow velocity 𝒖 = 0 at any time. 𝜙! is the potential 

in the electrolyte, and the potential gradient ∇𝜙! in the electrolyte drives the migration of 

the charged species.  

    Furthermore, 𝑅!  is the source of species i from the homogeneous reactions in the 

electrolyte, mainly including the hydrolysis of Al3+ ions, complex reactions between Al3+ 
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ions and Cl- ions, etc. The homogeneous reactions considered in this model and 

corresponding kinetic parameters are listed in Table 2-2. 

Table 2-1. Species considered and their diffusion coefficient and charge number. 

No. Specie i Diffusion coefficient/ 10-5cm2s-1 𝑍! Ref. 
1 O2 1.980 0 [32, 72] 
2 H+ 9.311 1 [32, 72] 
3 OH- 5.273 -1 [32, 72] 
4 Al3+ 0.541 +3 [32, 72] 
5 Al(OH)2+ 0.541 +2 [32, 72] 
6 Al(OH)2

+ 0.541 +1 [32, 72] 
7 Al(OH)3 0.541 0 [32, 72] 
8 Al2(OH)2

4+ 0.541 +4 [32, 72] 
9 AlCl2+ 0.541 +2 [32, 72] 
10 Al(OH)Cl+ 0.541 +1 [32, 72] 
11 Al(OH)2Cl 0.541 0 [32, 72] 
12 Na+ 1.334 +1 [32, 72] 
13 Cl- 2.032 -1 [32, 72] 

     

Table 2-2. Homogeneous reactions considered in the model and reaction rate constants.  

 

    The material balance (Eq. (1)) gives one equation per unknown species concentration, 

and the electroneutrality condition (Eq. (2)) gives another one.  

𝑍!𝑐! = 0                                                                              (2) 

N
o. Homogeneous reactions kforward kbackward Ref. 

1 𝐴𝑙!! + 𝐻!𝑂 ↔ 𝐴𝑙(𝑂𝐻)!! + 𝐻! 1.09×105 s-1 4.4×109 M-1s-1 [32, 72] 
2 𝐴𝑙(𝑂𝐻)!! + 𝐻!𝑂 ↔ 𝐴𝑙(𝑂𝐻)!! + 𝐻! 1.09×105 s-1 4.4×109 M-1s-1 [32, 72] 
3 𝐴𝑙(𝑂𝐻)!! + 𝐻!𝑂 ↔ 𝐴𝑙(𝑂𝐻)! + 𝐻! 5.58×104 s-1 2.8×109 M-1s-1 [35] 
4 2𝐴𝑙!! + 2𝐻!𝑂 ↔ 𝐴𝑙!(𝑂𝐻)!!! + 2𝐻! 10-2 M-1s-1 108 M-2s-1 [32, 72] 

5 𝐴𝑙!! + 𝐶𝑙! ↔ 𝐴𝑙𝐶𝑙!! 226 M-1s-1 
(75− 𝑘! ∙
(𝐶!"!! −

𝐶!"#$!!))𝑠!!  
[32, 72] 

6 𝐴𝑙(𝑂𝐻)!! + 𝐶𝑙! ↔ 𝐴𝑙(𝑂𝐻)𝐶𝑙! 1.9×104 M-1s-

1 
(5.7×10! − 𝑘! ∙
𝐶!"#$!!)𝑠!!  [32, 72] 

7 𝐴𝑙𝐶𝑙!! + 2𝐻!𝑂 → 𝐴𝑙(𝑂𝐻)!𝐶𝑙 + 2𝐻! 4×10-6 s-1 --- [32, 72] 

8 𝐴𝑙(𝑂𝐻)𝐶𝑙! + 𝐻!𝑂
→ 𝐴𝑙(𝑂𝐻)!𝐶𝑙 + 𝐻! 4×10-6 s-1 --- [32, 72] 

9 𝐻!𝑂 ↔ 𝐻! + 𝑂𝐻! 2.6×10-5 s-1 1.3×1011 M-1s-1 [32, 72] 
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By solving all the coupled equations, the concentration distribution of all species and the 

electric field distribution can be obtained.  

2.3.3 Deposition of corrosion product and concomitant blocking effect  

Fig. 2.2 shows that some deposited corrosion product appear both on the surface of the 

sample and at the bottom of the trench during exposure. From Table 2-2, the possible 

deposit can be Al(OH)3 or Al(OH)2Cl. According to the simulation results, concentration of 

Al(OH)2Cl in the electrolyte is much lower than its solubility (3M) [55] under the 

conditions defined in the present model, while the concentration of soluble Al(OH)3 can be 

much higher than its solubility. To take into account the generation of deposited Al(OH)3 

and its blocking effect on the corrosion propagation, in the present model we assumed the 

deposition of Al(OH)3 only occurred on the surface of the electrodes, and the dissolution of 

deposited Al(OH)3 was ignored. 

    Specifically, the deposition process was assumed to be fast enough after the 

concentration of soluble Al(OH)3 in the electrolyte reached the oversaturated condition, 

taken as 100 times higher than the solubility of Al(OH)3 (SAl(OH)3). Under such a condition, 

the deposition rate (rdeposition) can be assumed to equal the formation rate (rformation) of 

soluble Al(OH)3 in the electrolyte, formulated as: 

   𝑟!"#$%&'&$( = 𝑟!"#$%&'"((𝑐!" !" ! > 100 × 𝑆!" !" !)                                            (3)  

Note that the deposition only occurs when the oversaturated condition is fulfilled, and the 

site and starting time for the deposition are the results of the calculation, rather than pre-

defined boundary conditions.  

    The electrochemical activity of the electrode surface will be reduced when the deposited 

corrosion product cover the surface. To quantitatively describe the blocking effect of the 

deposited corrosion product, the coverage (𝜃) of the corrosion product was introduced. The 

coverage parameter changes with time, and is determined by the deposition rate: 

!"
!"
= !

!
×
!!"#$%&'&$(×!!" !" !

!!" !" !
× !!"#!
!!"#!

   (𝑤ℎ𝑒𝑛 𝜃 < 1)                                      (4) 
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with 𝜃 = 0 for no deposition, and when  𝜃 = 1,  !"
!"
= 0 for complete blockage. In Eq. (4), 

𝛿 is the thickness of the deposit layer that blocks the active surface completely, assumed to 

be 1 µm; 𝑀!" !" ! and 𝜌!" !" ! are the molar mass and density of Al(OH)3, respectively. 

Vmesh and Smesh are the volume and the projected area of the calculated mesh unit along the 

electrode surface. By multiplying the factor !!"#!
!!"#!

 , the volume of deposited product 

generated in each mesh element can be converted into thickness of the deposited layer. 

Having a blocking effect of deposited Al(OH)3, the activity of electrode surface need to be 

modified by multiplying local current density with (1- 𝜃). 

2.4 Numerical method 

In this work, we used COMSOL Multiphysics® [105] to establish the FEM model and 

calculate the numeric results. Tracing the moving boundary was accomplished by using the 

arbitrary Langrangian Eulerian method [34]. Considering the high nonlinearity of the model 

and to save the calculation source, we assumed that the cathodic IMP is a hemisphere. By 

applying a rotational symmetry along one diameter through the center of the sphere, the 3D 

calculation domain was projected onto a 2D area. And the 2D area was further reduced to a 

half, i.e., the area above a quarter of the particle because of the axial symmetry.  

2.4.1 Definition of the heterogeneous microstructure  

Effect of heterogeneity of microstructure in the vertical direction to the sample surface has 

been rarely reported in the literatures. In the present model, level set method [71, 99] was 

used to define a function (micro(r, z)) for describing the microstructure of the sample by 

distinguishing the cathodic IMP from the surrounding Al matrix. As shown in Eq. (5), the 

value of micro(r, z) equals to 1 for the cathodic particle part, but equals to 0 for the anodic 

matrix part. r and z are radial and axial directions of cylindrical coordinates.  

𝑚𝑖𝑐𝑟𝑜 𝑟, 𝑧 = 1,          𝑐𝑎𝑡ℎ𝑜𝑑𝑒
0,             𝑎𝑛𝑜𝑑𝑒                                                      (5) 

2.4.2 Moving boundary tracing method 

Tracing of the moving boundary was realized by arbitrary Langrangian Eulerian method 

(ALE) [106-108] in COMSOL. Specifically, the governing equations were written as 
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functions of four sets of coordinates, e.g., spatial, mesh, material and geometry. By 

validating the automatic remeshing setting in the model, the spatial coordinate would 

separate from the mesh coordinate. When the calculation area or the mesh deformed 

heavily, COMSOL would rebuild the mesh according to the deformed geometry before the 

calculation crash. 

    In the present model, the mesh deformation can be realized by solving the Laplace 

equations defined on the corresponding moving boundary [34, 99]. The 2D formula are 

shown below: 

!!

!!!
!"
!"
+ !!

!!!
!"
!"
= 0                                                                 (6) 

!!

!!!
!"
!"
+ !!

!!!
!"
!"
= 0                                                                 (7) 

where, the (x, y) and (X, Y) are the spatial coordinates and material coordinates, 

respectively.  

2.5 Main results and discussion 

COMSOL Multiphysics was used to do the numeric simulation. The calculation results 

yield the variable concentration of different species and the electric field distribution in 

space and in time. The moving mesh setting made it possible to trace the dissolving front 

kinetically, providing a direct and visual description of the kinetics of micro-galvanic 

corrosion process. 

    As mentioned above, able to consider the deposition of corrosion product is an important 

advantage of the present model compared with other reported models. The reason why 

others ignore the deposition of corrosion product is that the local pH in the dissolving 

volume in Al alloys is widely believed to be as low as 3 to 4 [4]. Under such acidic 

condition, Al(OH)3 is not stable thermodynamically. It should be noted, however, in 

literature the pitting corrosion investigated was always artificially initiated by applying a 

positive potential to the sample [5], or by using an artificial electrode (pencil electrode) to 

get a solo active pitting system [2]. Therefore, all the investigations of such pitting system, 

e.g., local environment analysis, pitting propagation, etc., cannot get rid of effect of the 
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artificial initiation conditions. This is definitely different from the micro-galvanic corrosion 

system investigated in the present work. Theoretically, owing to the micro-scale size and 

relative small overvoltage of the galvanically coupled local anode and local cathode, the 

driving force for the galvanic corrosion should be relatively small, leading to a slow metal 

dissolution. Consequently, the local acidification inside the dissolving volume cannot be 

too severe, thus it is necessary and reasonable to take into account the formation and 

deposition of corrosion product  (Al(OH)3) in the model. In this chapter, the calculation 

results calculated with and without considering the deposition of Al(OH)3 are given for 

comparison. 

2.5.1 Propagation of corroding surface without and with deposit 

Fig. 2.4 (a) displays the position of the active dissolving front and the deformed mesh after 

130 hours without considering the deposition of Al(OH)3. Without blocking effect of the 

corrosion product, corrosion would propagate continuously, leading to detachment of 

cathodic particle and exposure of the matrix to the electrolyte after sufficient time. With 

consideration of Al(OH)3 deposition, the active dissolution will be almost suppressed 

totally after 42 hours. Fig. 2.4 (b) shows the final position of the dissolving front. In this 

case, the cathodic particle will remain on the surface. 

 

Figure 2.4. Position of the dissolving front: (a) after 130 hours without blocking effect of 

Al(OH)3, (b) after 42 hours with considering the blocking effect. 
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2.5.2 Local pH distribution within the dissolving volume  

Fig. 2.5 shows the pH distribution in the electrolyte after 42 hours, considering the Al(OH)3 

deposition. As can been seen, the pH value in the vicinity of local cathode (the particle) is 

slightly higher than the bulk pH, which is caused by the generation of OH- ions from the 

oxygen reduction. On the other hand, the pH value in the vicinity of local anode (dissolving 

front) is slightly lower than the bulk pH, i.e., the local acidification occurs inside the 

dissolving volume. This is because the hydrolysis of released Al3+ ions, generating H+ ions. 

From the color scale, the pH varied from 6.4 to 7.7. In this range, Al(OH)3 is stable 

thermodynamically, verifying the necessity to consider the formation and deposition of 

Al(OH)3 in the present model. 

 

Figure 2.5. Variation of the local pH in the electrolyte after 42 hours, considering the 

blocking effect of deposited Al(OH)3. 

 

2.5.3 Temporal evolution of the integrated anodic and cathodic currents  

The simulation results also reveal the effect of Al(OH)3 deposition on the corrosion rate. 

Fig. 2.6 shows the temporal evolution of the integrated anodic and cathodic current, which 

is a measure of the metal dissolution rate across the whole active surface. For the galvanic 
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corrosion, the integrated anodic current and cathodic current are equal at all times. Without 

considering the Al(OH)3 deposition, the black lines indicate that the corrosion rate 

increases continuously within the calculated 130 hours, which is caused by the extension of 

the active anodic area. With deposition of Al(OH)3, the  corrosion rate increases during the 

initial 30 hours, after that, starts to decrease gradually, until the active surface is blocked 

totally by the deposit after ca. 42 hours.  

 

Figure 2.6. Temporal evolution of the integrated anodic and cathodic currents across the 

whole the active surface, without and with deposition of Al(OH)3.  

 

2.6 Conclusions 

The micro-galvanic corrosion induced by cathodic IMP in Al alloys was investigated by 

experimental and simulation methods in this chapter. The in-situ AFM measurement 

provides evidence supporting preferential dissolution of Al matrix along the boundary of 

the particle and the deposition of corrosion product. By using COMSOL and Matlab 

software, a FEM model has been developed, which considers the local electrochemical 

reactions, the mass transport of chemical species and homogeneous reactions occurring in 

the electrolyte, also considers the deposition of corrosion product (Al(OH)3) on the 

electrode surface. Using a coverage parameter, blocking effect of the deposited Al(OH)3 on 
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surface activity can be described quantitatively and kinetically. The simulation results show 

that the active surface would be blocked gradually, and eventually leading to a static 

dissolving front corresponding to a completely blocked surface. 
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3 Effect of geometric factors on the micro-galvanic corrosion in 

Al alloys (Paper II)  

In chapter 2, we build a multi physicochemical processes model to simulate the micro-

galvanic corrosion induced by cathodic IMP in Al alloys. The model takes into account the 

chemical and electrochemical reactions, the mass transport of the chemical species, as well 

as the deposition of corrosion product and their consequent blocking effect on the active 

surface. Moreover, the model is able to trace the moving dissolving surface, showing the 

position and geometric change of the surface kinetically.  

    For micro-galvanic corrosion, active dissolution takes place inside an occluded volume, 

and the propagation is influenced by different critical factors [6]. For pitting, the kinetic 

development depends on the synergetic effect of the electrode potential, dissolving current, 

local environment, etc. Based on substantial experiment results, different empirical criteria 

have been proposed to judge transition from a metastable pitting to a stable one [1, 3, 19]. 

Generally speaking, the criteria mainly concern two aspects. Firstly, the metal dissolution 

should be fast enough to release sufficient metal ions, which through hydrolysis generate 

enough H+ ions, causing acidification inside the dissolving volume. Secondly, the size of 

open mouth of the pit should be small enough to isolate the local environment inside the 

dissolving volume, inhibiting dilution of the local anolyte by the bulk solution. With 

respect to micro-galvanic corrosion in this work, the metal dissolution rate is determined by 

the galvanic coupling, specifically, by the cathodic/anodic area ratio. In the present model, 

the width of the anodic ring corresponds to the open width of the pit mouth. It can be 

expected that the geometric factors, including the radius of the cathodic particle (Rparticle) 

and the anodic ring width (Rring), should be critical for the kinetic development of the 

micro-galvanic corrosion. In this chapter, using the primary model built in chapter 2, effect 

of these two geometric factors was investigated separately through simulation.  

3.1 Geometric factors of the micro-galvanic couple 

The same galvanic couple as the one in chapter 2 was used here. As shown in Fig. 3.1, 

Rparticle and Rring stand for the radius of the cathodic particle and the width of the anodic ring, 
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respectively. Here, zero point was chosen to be at the center of the particle. The active 

dissolving surface after a certain period of dissolution was marked as the red line (only half 

of it was indicated). The distance from the zero point to arbitrary point (x, y) on the active 

surface was defined as the “distance to zero point”, which was changing with time as 

dissolution proceeding.  

 

Figure 3.1. Schematic diagram of micro-galvanic corrosion induced by one cathodic 

particle surrounded by a dissolving anodic ring. Rparticle and Rring are the radius of the 

cathodic particle and width of the anodic ring, respectively. The zero point (0, 0) and an 

arbitrary point (x, y) on the electrode surface (red line) are marked.  

 

    Both Rring and Rparticle can change the cathode/anode ratio, so the effects of these two 

factors were investigated separately. With a fixed Rparticle at 2 µm, Rring was varied in steps 

from 0.1 to 2 µm (Table 3-1), and with a fixed Rring at 1 µm, Rparticle was varied in steps 

from 0.5 µm to 4 µm (Table 3-2). The Rparticle and Rring values chosen were regarded as 

relevant for commercial Al alloys.  

Table 3-1. Size range chosen for investigating the effect of Rparticle.  

Variable µm 
Rparticle 4 2 1 0.5 
Rring 1 1 1 1 
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Table 3-2. Size range chosen for investigating the effect of Rring.  

Variable µm 
Rparticle 2 2 2 2 2 
Rring 2 1 0.5 0.3 0.1 

 

3.2 Effect of cathodic particle radius (Rparticle)  

3.2.1 Influence of Rparticle on the cathodic and anodic current densities  

Fig. 3.2 displays the calculated anodic and cathodic current densities along the active 

surface with different Rparticle values, at the beginning (a) and after 25 hours (b), respectively, 

plotted as function of distance from zero point, defined in section 3.1. Since the cathodic 

area supporting the galvanic current is proportional to the square of Rparticle, it is reasonable 

to get a higher anodic current density for a larger Rparticle at a given anodic area. After 25 

hours, compared with the current density in the beginning, the anodic current density drops 

more pronouncedly for the galvanic couple with larger Rparticle, which is caused by a faster 

extension of the anodic area.  

 

Figure 3.2. Anodic and cathodic current densities along the active surface for different 

Rparticle values with Rring fixed as 1 µm: (a) at time = 0, (b) at time = 25 hours.  

 

(a) (b) 
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3.2.2 Influence of Rparticle on the Al(OH)3 deposition and blocking effect 

To illustrate Al(OH)3 deposition and the blocking effect, the coverage of Al(OH)3 after 25 

h is shown in Fig. 3.3. The coverage is higher than 0.9 for Rparticle = 4 µm, which means the 

active dissolving surface is almost totally blocked by the deposit. For smaller Rparticle, the 

coverage of Al(OH)3 is lower, which is due to a smaller amount of Al3+ ions generated 

from the anodic dissolution. Hence, a large Rparticle leads to an enhanced anodic dissolution 

and also an increased Al(OH)3 deposition, as well as the blocking effect. How fast or to 

what extent the metal dissolution propagates is determined by the competition between the 

anodic dissolution and Al(OH)3 deposition processes.  

 

Figure 3.3. Coverage (θ) of deposited Al(OH)3 after 25 hours for different Rparticle values, 

the simulated electrolyte is 0.1 M NaCl with initial pH of 7. 

 

3.2.3 Influence of Rparticle on the integrated anodic and cathodic currents  

As shown in Fig. 3.4, for Rparticle = 0.5 and 1 µm, the integrated current increases gradually 

for more than 80 hours, whereas for Rparticle = 2 µm, the integrated current is relatively high 

initially but starts to decrease after 30 h. For Rparticle = 4 µm, the current is initially very 

high, but decreases after 15 h. As discussed above, a large cathodic particle enhances the 
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anodic dissolution and release more Al3+ ions, leading to an accelerated Al(OH)3 deposition 

and an increased blocking effect. 

 

  Figure 3.4. Temporal evolution of integrated anodic and cathodic currents across the 

whole active surface for different Rparticle values.  

 

3.3 Effect of anodic ring width (Rring)  

3.3.1 Influence of Rring on the cathodic and anodic current densities  

Fig. 3.5 displays the anodic and cathodic current densities along the active surface for 

different Rring values, (a) at the beginning and (b) after 25 hours, respectively. The initial 

anodic current density for Rring = 0.1 µm is very high, Fig. 3.5 (a), implying a fast metal 

dissolution of the small anode. After 25 h, Fig. 3.5 (b), the anodic current density drops 

significantly for smaller Rring because of the increase of the anodic area, which is more 

pronounced for the smaller Rring due to faster metal dissolution. Meanwhile, the cathodic 

area also increases as reflected by the shifting of the particle-matrix borderline.  
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Figure 3.5. Anodic and cathodic current density along the active surface for different Rring 

values with Rparticle fixed as 2 µm: (a) at time = 0, (b) at time = 25 hours. 

 

3.3.2 Influence of Rring on the Al(OH)3 deposition and blocking effect  

To illustrate the effect of Rring on the Al(OH)3 deposition and its blocking effect, Fig. 3.6 

displays the coverage of deposited Al(OH)3 after 25 hours for different Rring values. For 

Rring = 0.5 µm, the coverage is higher than 0.9 for most part of the active dissolving surface, 

i.e., the active dissolving surface is almost totally blocked by deposited Al(OH)3, like 

repassivation. Moreover, Fig. 3.6 shows different trends in the change of the coverage as 

function of Rring. For Rring > 0.5 µm, the coverage of Al(OH)3 decreases with increase of 

Rring. On the contrary, for Rring < 0.5 µm, the coverage of Al(OH)3 increases with increase 

of Rring. To explain this phenomenon, effect of the Rring on the mass transport of Al3+ and 

OH- ions generated from electrochemical reactions must be taken into account. 

    As schematically shown in Fig. 3.7 (a), for the micro-galvanic couple, Al dissolution 

generates Al3+ ions and the hydrolysis reactions leads to acidification inside the dissolving 

volume. Meanwhile, OH- ions are generated from the oxygen reduction, leading to the 

increase of local pH on the surface of the particle. A small anodic ring width inhibits the 

mass transport inward and outward the dissolving volume. The results shown in Fig. 3.6 

suggest that, when Rring > 0.5 µm, the mass transport is not inhibited significantly, and the 

(a) (b) 
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deposition of Al(OH)3 is controlled by the generation of Al3+ ions. Therefore, with decrease 

of Rring, the anodic current density increases (Fig. 3.5), leading to higher concentration of 

Al3+ ions inside the dissolving volume, and the inward mass transport of OH- ions is also 

relatively easy. This situation is favorable for Al(OH)3 deposition on the active dissolving 

front. When Rring < 0.5 µm, both the inward transport of OH- ions and outward transport of 

H+ ions are inhibited by the small Rring. With decrease of Rring, the local acidification inside 

the dissolving volume becomes more pronounced, inhibiting the Al(OH)3 deposition, as can 

be seen in Fig. 3.7 showing pH distributions for Rring = 2 µm (b), 0.5 µm (c), 0.1µm (d).  

 

Figure 3.6. Coverage (θ) of deposited Al(OH)3 after 25 hours for different Rrinh values, the 

simulated electrolyte is 0.1 M NaCl with initial pH of 7. 

 

    Fig. 3.7 also shows the positions of the dissolving front after 25 hours for different Rring 

values. Combining the results shown in Fig. 3.5 and Fig. 3.6, Rring = 0.5 µm seems to be a 

critical value with a high metal dissolution rate and also a fast Al(OH)3 deposition process. 

In this case, the dissolution is fast initially, while the active dissolving front is blocked 

quickly. For a larger Rring (2 µm), the dissolution of Al matrix is relatively slow due to a 

low cathode/anode area ratio. For a smaller Rring (0.1 µm), the dissolution propagates much 

deeper and faster, as a result of the higher current density (Fig. 3.5) and more acidic 
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environment inside the dissolving volume. In this case, the dissolution may proceed further 

and propagate and eventually lead to fall off of the cathodic particle. 

Figure 3.7. (a) Schematic diagram showing the simulated micro-galvanic corrosion, the 

in/outward transport of OH− and Al3+ through the mouth of the dissolving volume, and the 

deposition of Al(OH)3 on the electrode surface after 25 hours. (b), (c) and (d) indicate the 

position of the dissolution front where Rring = 2, 0.5 and 0.1 µm, respectively. The contour 

color profile indicates the local pH value. 

 

3.3.3 Influence of Rring on the integrated anodic and cathodic currents  

Fig. 3.8 displays the temporal evolution of integrated anodic and cathodic currents across 

whole active surface for Rring = 2, 0.5 and 0.1 µm, respectively. For Rring = 2 µm, the 

(d) 

Rring=0.1µm	Rring=0.5µm	

(b) 

(c) 

(a) Rring=2µm	
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integrated current increased slowly and the local dissolution process continued for more 

than 80 h before the active surface was blocked totally. For Rring = 0.5 µm, the integrated 

current increased fast in the beginning, but started to decrease after ca. 18 h. The dissolving 

surface was almost totally blocked after ca. 25 h. For Rring = 0.1 µm, the integrated current 

increased very fast and no evidence of decrease was observed within a period of 33 h. The 

fast dissolution was caused by local acidification inside the dissolving volume, inhibiting 

the deposition process as discussed above.  

 

Figure 3.8. Temporal evolution of integrated anodic and cathodic currents across the 

whole active surface for different Rring values. 

 

3.4 Conclusions  

By using the primary model described in chapter 2, the radius of the cathodic particle and 

the width of the anodic ring were varied to investigate the effect of these geometric factors 

on the micro-galvanic corrosion, leading to following main conclusions: 

    (1) Owing to the flexibility in the parameter setting, modelling and simulation were able 

to evaluate the effect of each geometric variable separately, providing a quantitative insight 

into the micro-galvanic corrosion process. 
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    (2) Under the simulated condition, with an anodic ring width of 1 µm, submicron-sized 

cathodic particles can’t provide sufficient driving force to support active dissolution in the 

anodic ring area. However, micron-sized cathodic particles are able to support the active 

localized dissolution. The larger particles enhance anodic dissolution of Al matrix, 

meanwhile also accelerate deposition of Al(OH)3. How fast or to what extent the metal 

dissolution propagates is determined by the competition between these two processes. 

    (3) For an anodic ring width below 0.5 µm, hydrolysis of Al3+ ions inside the corroding 

volume and restricted mass transport of OH- ions into the corroding volume lead to local 

acidification, which stabilizes the propagation of the micro-galvanic corrosion. 

    (4) The simulations quantitatively verify the hypothesis, i.e., both fast metal dissolution 

that provides sufficiently acidic local environment within the dissolving volume and an 

occluded geometry that can maintain the local severe environment are required for stable 

propagation of localized corrosion. 
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4 Effect of chemical factors on the micro-galvanic corrosion in 

Al alloys (Paper III)  

In addition to the effect of the microstructure of materials, extensive investigations show 

the chemical environmental factors are also of critical importance for the kinetic 

development of localized corrosions [52, 53, 109, 110]. However, due to limitations of 

experimental methods, little is known at a fundamental level about the influence of local 

environment on the localized corrosion of Al alloys, since the local environment is 

kinetically changing with corrosion proceeding. In this chapter, based on the primary model 

established we explore the effects of chemical factors including the pH and O2 

concentration of the bulk solution on the localized corrosion of Al alloys. For the first time, 

chemical-dependent electrochemical kinetics is used as input parameters in the simulation 

to address the coupling effect of the alloy microstructure and its service environment 

quantitatively.  

4.1 Chemical-dependent electrochemical kinetics  

In this simulation, the Al alloy was immersed in 0.1M NaCl solution, with bulk pH varied 

from 4 to 9 and bulk O2 concentration varied from 0.1 to 1 times the saturated O2 

concentration (csat, 0.258 mol/m3). Owing to the absence of kinetic information, the 

interactions between Cl- ions and the passive layer or the deposited Al(OH)3 were not 

considered in this work. However, all the possible homogeneous reactions Cl- ions involved, 

as listed in Table 2-2, were considered.  

4.1.1 pH-dependent electrochemical kinetics  

The kinetic polarization curves [61] measured in 0.1 M NaCl solution with bulk pH = 2.5, 6, 

10, respectively, were used to do the linear interpolation. Fig. 4.1 (a) and (b) show the 

three-dimensional interpolated pH-dependent kinetics for the cathodic particle (here Al3Fe) 

and anodic electrode (Al matrix), in which the x, y, z-axis represent pH, potential and 

cathodic and anodic current density, respectively. Fig. 4.1 (c) and (d) are the corresponding 

contour plots for (a) and (b). For a given potential, the figures show a lowest reaction rate 

(current density with positive value for anodic current and negative for cathodic current) for 
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both anode and cathode at pH = 6, i.e., both acid and alkaline environments can accelerate 

the corrosion process for the Al alloy. 

Figure 4.1. Three dimensional interpolated electrochemical kinetic surfaces for: (a) the 

cathodic particle (Al3Fe), and (b) anodic electrode (Al7075 matrix). The x-, y-, and z-axis 

(color scale) represent pH, electrode potential, and the cathodic or anodic current density, 

respectively. (c)-(d) Corresponding contour plots for (a)-(b). 

 

4.1.2 pH-O2 concentration-dependent electrochemical kinetics  

In addition to bulk pH, influence of the dissolved O2 concentration on the electrochemical 

kinetics of cathodic reduction has also been considered in this work. Fig. 4.2 (a) shows the 

four-dimensional volume representing a pH-O2 concentration-dependent electrochemical 

kinetics, which is obtained by interpolating the electrochemical polarization curves 

measured on the surface of Al3Fe, under different pH values (2.5, 6, 10) and with different 

(a) (b) 

(c) (d) 
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O2 concentrations (0.1, 0.2, 0.5 times csat). In this figure, the x-axis stands for pH, y-axis for 

O2 concentration, z-axis for electrode potential, and the color scale for cathodic current 

density. Fig. 4.2 (b) displays one cross-section in the x-z view, showing the effect of pH on 

the cathodic electrochemical kinetics with O2 concentration of 0.15 mol/m3. The main trend 

is consistent with Fig. 4.1 (c), i.e., both acid and alkaline environments enhance oxygen 

reduction on the cathodic particle (Al3Fe). Fig. 4.2 (c) and (d) display cross-sections in y-z 

view, showing O2-concentration-dependent kinetics with pH = 4 and 6, respectively. At a 

given pH, higher O2 concentration leads to higher cathodic current density.	 

 

 

Figure 4.2. (a) Sectional view of the four-dimensional interpolated electrochemical kinetics 

volume for the cathodic particle (Al3Fe). The x-, y-, z-axis and color scale represent pH, O2 

concentration, electrode potential, and cathodic current density, respectively. (b) x-z view 

showing pH effect on the cathodic current density with O2 concentration of 0.15 mol/m3. 

(c)-(d) y-z views showing the effect of O2 concentration at pH = 4 and 6, respectively.  

(a) (b) 

(c) (d) 
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4.2 Effect of bulk pH  

4.2.1 Influence of bulk pH on the anodic and cathodic current densities  

Fig. 4.3 shows the anodic and cathodic current densities plotted as a function of the 

distance from zero point along the active electrode surface, at t = 0 and 11 h, respectively. 

At the beginning, the cathodic reaction only occurs on the original particle surface, and 

anodic dissolution occurs on the original anodic ring. At bulk pH = 6, both the anodic 

dissolution and cathodic reduction current densities are the lowest. For pH higher than 6, 

the current density increases with increase of bulk pH, while for pH lower than 6, the 

current density increase with decrease of bulk pH. This is consistent with the trend of the 

pH-dependent electrochemical kinetics shown in chapter 4.1. After 11 h, more cathodic 

surface is exposed and the anodic area is also extended, owing to the dissolution of Al 

matrix along the particle-matrix interface. The expansion of the anodic area leads to the 

decrease of the anodic current density. The blocking effect of the deposited Al(OH)3 also 

reduces the current density, which will be discussed in the following sections. 

 

Figure 4.3. Current density along the active surface for different bulk pH values: (a) t = 0, 

(b) t = 11 h. The simulated electrolyte is 0.1 M NaCl. 

  

4.2.2 Influence of bulk pH on deposition of Al(OH)3 and propagation of active surface  

Fig. 4.4 (a) shows the coverage of deposited Al(OH)3 along the active electrode surface 

after 11 h with different bulk pH values. Deposition of Al(OH)3 preferentially occurs on the 

(a) (b) 
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active dissolving surface. For pH = 9, the coverage of Al(OH)3 is higher than 0.9 for most 

part of the dissolving surface, i.e., the active anodic surface is almost blocked completely., 

The coverage of deposited Al(OH)3 decreases with decrease of the bulk pH. Interestingly, 

for pH = 4, the coverage equals to zero at all times, i.e., the environment is acidic enough to 

inhibit the deposition of Al(OH)3. This is in accordance with experimental report that 

Al(OH)3 is not stable under pH = 4 [43].  

Figure 4.4. (a) Coverage (θ) of deposited Al(OH)3 for different bulk pH values after 11 h. 

(b)-(d) Position of the active dissolving front after 11 h for bulk pH = 9, 6, 4, respectively. 

The color scale indicates the local pH value. The simulated electrolyte is 0.1 M NaCl. 

 

    To visualize the development of the micro-galvanic corrosion, simulated cross sections 

vertical to the electrode surface containing the center point of the cathodic particle after 11 

h are shown in Fig. 4.4 (b) (c) (d), for bulk pH = 9, 6, 4, respectively. The results in Fig. 4.4 

(b) 

(c)   (d) 

(a) 
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are consistent with the current density distributions shown in Fig. 4.3, specifically, the 

active dissolving front propagates faster both in acidic (pH = 4) and alkaline (pH = 9) 

environments than in neutral solution with pH = 6. On the other hand, alkaline environment 

is favorable for Al(OH)3 deposition as shown in Fig. 4.4 (a). For pH = 9, the active surface 

is totally blocked after 11 h, i.e., the active dissolving front shown in Fig. 4.4 (b) is the final 

position under this condition. In contrast, the anodic surface shown in Fig. 4.4 (c) and (d) 

are still quite active. For pH = 4, dissolution of the Al matrix continues in the anodic ring 

area, since the Al(OH)3 deposition is inhibited by the local acidic environment.   

4.3 Effect of bulk O2 concentration 

4.3.1 Influence of bulk O2 concentration on the corrosion kinetics  

Fig. 4.5 shows the simulated anodic and cathodic current density distributions along the 

active surface with different bulk O2 concentrations and initial bulk pH = 6. At the 

beginning, as shown in Fig. 4.5 (a), the higher O2 concentration supports a higher cathodic 

current on the original surface of the cathodic particle, and also leads to a higher anodic 

current density on the surface of the anodic ring. After 42 h, as shown in Fig. 4.5 (b), 

anodic current density drops more for higher O2 concentration, which is caused by a more 

pronounced extension of the anodic area associated with metal dissolution. 

Figure 4.5. Current density along the active surface for different bulk O2 concentrations: 

(a) t = 0, (b) t = 42 h. The simulated electrolyte is 0.1 M NaCl with bulk pH = 6. 

 

(a) (b) 
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4.3.2 Influence of bulk O2 concentration on the deposition of Al(OH)3  

Besides the extension of the anodic area, deposition of Al(OH)3 on the electrode surface 

also decreases the current density. Fig. 4.6 (a) shows the coverage of Al(OH)3 along the 

active surface after 42 h with different O2 concentrations. For cO2 = csat, the coverage of 

Al(OH)3 is higher than 0.9 for most part of the anodic surface, i.e., the active Al dissolution 

is almost blocked totally. This can be explained that, higher O2 concentration supports 

higher cathodic and thus also anodic currents, releasing more OH- and Al3+ ions and 

favoring the formation and deposition of Al(OH)3.  

    Fig. 4.6 (b) shows the temporal evolution of the integrated anodic and cathodic currents 

across whole active surface for different bulk O2 Concentration. For cO2 = 0.1csat and 0.2csat, 

the initial currents are relatively low but gradually increase for more than 100 h, while for 

higher O2 concentration, the total current is much higher at the beginning but starts to 

decrease after short time due to the fast blocking process of Al(OH)3. 

    In short, higher bulk O2 concentration accelerates the localized corrosion and also the 

blocking process. How fast and how much the dissolving front propagates are determined 

by the competition between these two processes. 

 

Figure 4.6. (a) Coverage (θ) of deposited Al(OH)3 after 11 h for different bulk O2 

concentrations, (b) temporal evolution of integrated anodic and cathodic currents for 

different bulk O2 concentrations. The simulated electrolyte is 0.1 M NaCl with bulk pH = 6.  

 

(a) (b) 
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4.4 Conclusions  

As a further development of the primary model described in chapter 2, for the first time in 

simulation, multi-dimensional chemical factors-dependent polarization curves were used as 

the input parameters to describe the electrochemical kinetics of single phases. This enables 

investigation of the coupling effect between microstructure of the material and the local 

environments on the micro-galvanic corrosion in Al alloys. In this chapter, the influence of 

the bulk pH and O2 concentration were investigated, leading to following conclusions: 

    (1) Within the bulk pH range from 4 to 9, under weak alkaline condition (pH > 6), 

increase of bulk pH accelerates both metal dissolution and Al(OH)3 deposition, leading to a 

fast localized corrosion lasting for a short time before the active surface is blocked totally. 

Under weak acidic condition (pH < 6), decrease of bulk pH accelerates Al dissolution but 

inhibits Al(OH)3 deposition, leading to a fast and longer Al dissolution process. For bulk 

pH = 4, Al(OH)3 deposition does not occur, consistent with experimental observations. 

    (2) A higher bulk O2 concentration enhances anodic dissolution by providing more 

cathodic galvanic current but also promotes deposition of Al(OH)3. It results in a fast local 

corrosion in the beginning, followed by a quick blocking of the dissolving surface. 

    (3) By considering geometrical and chemical factors independent of each other, this 

physicochemical model can provide a deeper understanding of the mechanisms of micro-

galvanic corrosion and other local corrosion phenomena. 
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5 Steric hindrance effect of deposited corrosion product on the 

micro-galvanic corrosion in Al alloys (Paper IV)  

All the abovementioned simulations were conducted based on the primary model with a 

moving dissolving interface as described in chapter 2, which takes into account the 

electrochemical kinetics of single phases, possible homogeneous reactions and mass 

transport of species within the electrolyte, and the deposition of Al(OH)3 as well as its 

blocking effect on the active surface. However, the deposition was assumed to occur only 

on the electrode surface, ignoring multi-dimensional growth of the deposited corrosion 

product into the electrolyte. The blocking effect of the deposit was quantified by a surface 

coverage (θ). Such a deposit model neglects the steric hindrance effect of the deposited 

corrosion product on the mass transport and electrolyte conductivity, which are critical for 

the development of pitting-like localized corrosion [100-102]. This may leads to a non-

negligible deviation of the simulated results compared with the real situation.  

    As a further step toward a more comprehensive model capable for alloy life prediction, 

in this chapter, the steric hindrance effect of deposited corrosion product has been taken 

into account. Specifically, a porosity parameter (ε) with a critical minimum value was 

introduced to describe the degree of compactness of the deposit, and to evaluate the 

influence of the deposit on the mass transport in the electrolyte, the conductivity of the 

electrolyte and the surface activity of the electrode. 

5.1 Further development of the model  

5.1.1 Deposition of porous corrosion product 

The in-situ AFM observation of the corroded Al 7075 surface (Fig. 2.2) showed that 

deposited corrosion product appeared on the electrode surface and the bulk solution became 

turbid after ca. 40 h immersion. Different from our primary model, in this chapter, the 

deposition of Al(OH)3 was allowed to occur both on the electrode surface and within the 

electrolyte. The deposition was assumed to be fast enough to stay in equilibrium with the 

concentration of soluble Al(OH)3 (𝑐!"(!")!,!" ) in the liquid phase determined by the 
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equilibrium constant (Keq), as shown in Eq. (8), where a is the standard chemical activity 

with a value of 1 mol/L. 

𝐾!" =
!

!!" !" !,!" !
                                                          (8) 

    Instead of the surface coverage, the porosity (ε) of the deposited Al(OH)3 is introduced to 

quantify the degree of compactness of the deposited corrosion product, defined by Eq. (9). 

Here, 𝑐!"  is the cumulative molar concentration of the deposited Al(OH)3 in each 

calculated point. 𝑐!"#$%!& is the molar concentration of the compact solid Al(OH)3, which 

can be calculated by Eq. (10), where 𝜌!!(!")!and 𝑀!"(!")!are the density and molar mass 

of the compact solid Al(OH)3, respectively. 

𝜀 = 1− !!"
!!"#$%!&

                                                          (9) 

𝑐!"#$%!& =
!!!(!")!
!!"(!")!

                                                   (10) 

    As defined by Eq. (9) and (10), for liquid phase, the porosity equals to 1, i.e., no 

deposited corrosion product (ccp = 0). With accumulation of the corrosion product, the 

porosity decreases according to Eq. (9), until a critical minimum porosity (𝜀!) is reached, 

corresponding to the most dense state of deposited Al(OH)3. This implies that the 

deposition of Al(OH)3 can only occur when ε is larger than 𝜀!. Such a description of porous 

corrosion product model with definition of a porosity parameter can better mimic realistic 

conditions in practice, as compared to the primary model using surface coverage to evaluate 

the blocking effect of the deposited corrosion product. 

5.1.2 Mass transport and homogeneous reactions  

Due to tortuous channels within the porous deposited corrosion product (Al(OH)3), the real  

distance for diffusion and migration is much longer than the thickness of the deposited 

layer, i.e., the steric hindrance effect of the deposited Al(OH)3 makes the mass transport in 

the electrolyte more difficult. Therefore, the corresponding kinetics described in chapter 

2.3.2 should be modified. Specifically, an effective diffusion coefficient (𝐷!,!"") defined by 

Eq. (11) should be used, in which 𝐷! is the diffusion coefficient for species i in the aqueous 
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solution, 𝜀  is the porosity of the porous Al(OH)3. Accordingly, the Nernst-Einstein 

relationship becomes Eq. (12), where  𝑚!,!"" is the effective migration mobility, and R is 

the gas constant and T the thermodynamic temperature. 

𝐷!,!"" = 𝜀 × 𝐷!                                                            (11) 

𝑚!,!"" =
𝐷!,!""

𝑅𝑇                                                      (12) 

    Considering the effect of the porous Al(OH)3, the conductivity of the electrolyte (𝜎!), 

which is largely dependent on the distribution of the charged species in the electrolyte, can 

be calculated as follows: 

𝜎! = −𝐹 (−𝑍!!𝑚!,!""𝐹𝑐!)!                                              (13) 

where Zi is the charge number of the species i, F is Faraday’s constant, ci is the 

concentration of charged species i. 

    Take into account the modifications mentioned above, the governing equations for mass 

conservation of all species, the Nernst-Planck equations, can be written as: 

!(!×!!)
!"

+ 𝛻 ∙ −𝐷!,!""𝛻𝑐! − 𝑍!𝑚!,!""𝐹𝑐!𝛻𝜙! + 𝒖 ∙ 𝛻𝑐! = 𝑅!,!""                    (14) 

where t is time, u the flow velocity of the electrolyte, 𝜙! the potential in the electrolyte, and 

𝑅!,!"" the effective production rate of species i through the homogeneous reactions (listed 

in Table 2-2) in the electrolyte. Due to the reduction of the effective volume caused by 

densification of the corrosion product, the rate of the concentration change (!(!×!!)
!"

) can also 

be influenced. Considering the effective volume change caused by the deposition of 

Al(OH)3, 𝑅!,!"" can be calculated by Eq. (15) as follows: 

𝑅!,!"" = 𝜀×(𝑘!"#$%#& 𝑐!
! 𝑟,𝜔, 𝑧, 𝑡 − 𝑘!"#$%"&' 𝑐!

! 𝑟,𝜔, 𝑧, 𝑡!! )           (15) 

where kforward, kbackward are forward and backward reaction rate constants of the 

homogeneous reaction (Table 2-2), and ζ, ξ the corresponding reaction orders. r, ω and z 

are radial, angle and axial coordinates for the cylindrical coordinates, respectively. 
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    Same as in chapter 2.3, the concentration distributions of involved species and the 

electric field can be obtained by solving the coupling equations including the modified 

Nernst-Planck equations (Eq. (14)) and the electroneutrality condition (Eq. (2)). 

5.2 Main results and discussion 

The simulation results of accumulation of deposited Al(OH)3 and finally generating a 

compact layer with critical minimum porosity (𝜀!) of 0.01 are presented in this chapter to 

illustrate the steric hindrance effect of deposited porous Al(OH)3 by comparing with 

simulation results in chapter 2. 

5.2.1 Corrosion product distribution and deposition rate 

Figure 5.1 (a) – (c) display the simulated cross-sections of the electrode after 2, 4, and 70 h, 

respectively, with the color scale representing the porosity of deposited Al(OH)3 layer. The 

area with porosity equaling to 1 corresponds to the aqueous solution without deposit. As 

shown in Fig 5.1, the deposition not only occurs on the active dissolving surface but also 

within the liquid area above the dissolving volume. With accumulation of deposited 

Al(OH)3, the deposit reaches the most dense state preferentially in the vicinity of the metal 

dissolving front (Fig. 5.1 (c)). Following that, the area with porosity equaling to the critical 

value extends towards the bulk solution. Above the dense deposit layer, there is a relatively 

loose layer formed, which is indicated by a porosity larger than 0.01 and having a gradient.	

The simulated deposit model, which contains a denser inner layer and a relatively loose 

outer layer, is consistent with the experiment observations. 

    Fig. 5.1 (d) shows the deposition rate of Al(OH)3 within the whole calculation area after 

70 h, corresponding to the same condition with the porosity distribution in Fig. 5.1 (c). The 

deposition process terminates when the porosity of Al(OH)3 reaches the critical minimum 

value (0.01 here), and this area mainly locates inside the dissolving volume. On the other 

hand, the highest deposition rate locates along the mouth of the dissolving volume. Beyond 

this area, limited by the diffusion of soluble Al(OH)3 into the bulk solution, the deposition 

rate decreases with distance away from the active dissolving surface. 
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Figure 5.1. Distribution of the porosity (color scale) of deposited corrosion product: after 

(a) 2 h, (b) 4 h and (c) 70 h, respectively. (d) Distribution of the deposition rate of Al(OH)3 

in the whole calculation area after 70 h. 

 

5.2.2 Conductivity and current density distribution in the electrolyte 

The steric hindrance effect of the deposited porous Al(OH)3 layer effectively inhibits the 

mass transport (diffusion and migration) of the charged species in the electrolyte. This 

makes an impact on the electrolyte conductivity and the current distribution in the 

electrolyte. Fig. 5.2 (a) and (b) display the conductivity of the electrolyte and the current 

density distribution in the electrolyte after 42 hours, calculated by using the porous deposit 

model considering the steric hindrance effect of the deposit. For comparison, Fig. 5.2 (c) 

and (d) display the conductivity of the electrolyte and the current density distribution after 

42 hours by using the primary model considering only the surface coverage of the deposited 

Al(OH)3 and the blocking effect.  

    It can be seen from Fig. 5.2 (a) that, with a dense Al(OH)3 layer formed within the 

dissolving volume, the simulated local conductivity of the electrolyte drops to 0.01 S/m, 
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which is two orders of magnitude lower than the conductivity of the bulk solution (1.26 

S/m). For comparison, as shown in Fig. 5.2 (a’), only considering Al(OH)3 deposition on 

the electrode surface, the conductivity of the electrolyte remains quite uniform and has a 

value similar to the bulk solution for the whole electrolyte phase.	This demonstrates that the 

steric hindrance effect of deposited Al(OH)3 leads to a non-uniform distribution of the 

conductivity in the electrolyte, and the local conductivity in the dissolving volume, which is 

occupied by porous Al(OH)3 deposit, is largely decreased.  

 

Figure 5.2. (a)-(b) Electrical conductivity and current density distribution in the electrolyte 

after 42 h considering the steric hindrance effect of the deposited porous Al(OH)3. (a')-(b') 

Electrical conductivity and current density distribution in the electrolyte after 42 h 

considering the surface coverage of corrosion product only on the electrode surface. 

 

    Since the porous deposit influences the conductivity of the electrolyte, it also influences 

the current density distribution in the electrolyte. As shown in Fig. 5.2 (b), the current 

density in the vicinity of the dissolving volume is relatively low because of the steric 

hindrance effect of the deposited Al(OH)3 in the region, whereas the current density near 
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the surface of the cathodic particle is high because no dense Al(OH)3 layer generated there. 

Without considering the steric hindrance effect, as shown in Fig. 5.2 (b’), the current 

density in the electrolyte is much more uniformly distributed. Moreover, the absolute value 

of the current density is much higher in Fig. 5.2 (b’) than (b), suggesting that the steric 

hindrance effect of the deposited porous Al(OH)3 can slow down the whole kinetic 

corrosion process. This effect is also demonstrated by the much smaller dissolving volume 

shown in Fig. 5.2 (b) than (b’) after the same period. 

5.2.3 Oxygen flux and pH distribution in the electrolyte 

In addition to the electric field, the mass transport, both diffusion and migration, of species 

in the electrolyte is also influenced by the steric hindrance effect of the deposited Al(OH)3. 

Fig. 5.3 (a) and (a’) show the diffusional flux of oxygen in the electrolyte considering the 

steric hindrance effect of porous Al(OH)3 and considering only the blocking effect of the 

deposited Al(OH)3 on the electrode surface, respectively. Due to consumption of oxygen on 

the surface of the cathodic particle, a larger concentration gradient of oxygen forms, 

resulting in a larger diffusional flux of oxygen in the vicinity of the particle surface in Fig. 

5.3 (a) and (a’). By comparison, the absolute oxygen diffusional flux is much lower in Fig. 

5.3 (a), because the deposited dense Al(OH)3 not only inhibits the corrosion reaction but 

also decreases the diffusion rate of oxygen. 

    pH is another important factor affecting the kinetics of localized corrosion of Al alloys. 

Fig. 5.3 (b) and (b') display the pH distributions calculated with and without considering 

the steric hindrance effect of precipitated Al(OH)3, respectively. The highest pH locates 

near the surface of the local cathode due to the oxygen reduction reaction releasing OH- 

ions, while the local pH in the vicinity of the local anode is lower due to the hydrolysis of 

the Al3+ ions, releasing H+. Remarkably, since the steric hindrance effect of the precipitated 

corrosion product can hinder the whole kinetic corrosion process, the amount of Al3+ ions 

generated from metal dissolution and thus the amount of released H+ ions should be smaller 

in Fig. 5.3 (b) than (b’). However, the lowest pH value (5.57, with the steric hindrance 

effect) shown in Fig. 5.3 (b) is unexpectedly lower than the lowest pH value (6.38, without 

the steric hindrance effect) shown in Fig. 5.3 (b'). This is probably due to the fact that the 

dense Al(OH)3 can effectively hinder the transport of H+, Al3+ and OH- ions, 

simultaneously. The reduced rate of inward transport of OH- ions and outward transport of 
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Al3+ and H+ ions through the dense precipitated Al(OH)3 causes more severe acidification 

inside the corroding volume. 

 

Figure 5.3. (a)-(b) Oxygen flux and pH distribution in the electrolyte after 42 h considering 

the steric hindrance effect of the deposited porous Al(OH)3. (a')-(b') Oxygen flux and pH 

distribution in the electrolyte after 42 h considering only the surface coverage of corrosion 

product on the electrode surface. 

 

5.2.4 Temporal evolution of the integrated anodic and cathodic currents  

To quantify the effect of deposited Al(OH)3 on the kinetics of micro-galvanic corrosion, the 

temporal evolution of the integrated anodic and cathodic currents are plotted in Fig. 5.4. 

Note that the integrated anodic and cathodic currents are equal all the times. In this Figure, 

the black lines show the results calculated by using a model without considering deposition 

of Al(OH)3, the red ones were calculated by using the primary model (introduced in chapter 

2) considering Al(OH)3 deposition only on the electrode surface and its blocking effect on 
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the electrode activity. The blue lines show the results calculated by using the modified 

model considering the steric hindrance effect of the deposited porous Al(OH)3.  

    Without Al(OH)3 deposition, due to the increase of the active area with time, the 

integrated current increases continuously for more than 40 h. With Al(OH)3 deposition on 

the electrode surface, the surface activity is reduced gradually due to its blocking effect. 

The integrated current increases initially, reaching a maximum level around 36 h, and then 

decreases with time. With considering the steric hindrance effect of deposited porous 

Al(OH)3, the integrated current decreases rapidly and reaches a minimum level after 6 h, 

indicating that the deposited Al(OH)3 effectively hinders the localized corrosion under the 

simulated conditions. 

 

Figure 5.4. Time evolution of the integrated anodic/cathodic currents for the three model 

conditions: 1) no deposition of corrosion product, 2) considering only the surface coverage 

effect of corrosion product, and 3) considering the steric hindrance effect of the porous 

corrosion product generated in the whole calculation area. 
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5.3 Conclusions 

Several important improvements of the primary model have been made in this chapter. In 

the modified model, firstly, the deposition of corrosion product (Al(OH)3) is possible both 

on the electrode surface and in the liquid phase if the oversaturation condition satisfied, 

forming a porous deposit layer. Secondly, by applying an equilibrium reaction to control 

the deposition/dissolution process, the re-dissolution of the deposited corrosion product is 

possible if the local environment is favorable for that. Most importantly, the steric 

hindrance effect of the porous deposit layer on the mass transport of species as well as the 

conductivity of the electrolyte can be quantitatively evaluated. Obviously the modified 

model can better mimic real micro-galvanic corrosion situations for Al alloys. Due to these 

general features, the model could also be suitable for other localized corrosion processes 

involving generation of solid corrosion product. 

    The simulation in this work demonstrates that the steric hindrance effect of the deposited 

Al(OH)3 largely inhibits the mass transport of species in the electrolyte , simultaneously 

reduces the surface activity and the conductivity of the electrolyte. As a result, the metal 

dissolution is slowed down. In addition, the consequent inhibition of outward transport of 

H+ ions from and inward transport of OH- ions into the dissolving volume lead to the 

localized acidification inside the dissolving volume. Nevertheless, according to the 

simulation results, the lowest pH value in the volume is still higher than 5 under the model 

conditions, which is not severe enough to dissolve the Al(OH)3 deposit. Such a conclusion 

is reasonable for a mild micro-galvanic corrosion without any applied polarization potential. 

This model provides the possibility to investigate the kinetics of an autocatalysis pitting-

like corrosion system. 
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6 General conclusions and implications  

As the first step in our dynamic modelling of micro-galvanic corrosion induced by cathodic 

IMP in Al alloys, in chapter 2, we established a primary FEM model taking into account 

the local electrochemical reactions on the single anodic and cathodic phases, the coupled 

mass transport of species and homogeneous reactions in the electrolyte, as well as the 

deposition of Al(OH)3 on the electrode surface and its blocking effect on the surface 

activity. The moving boundary of the model is able to visualize the propagation of the 

active dissolving front. Simulation results suggest the possibility of Al(OH)3 deposition on 

the electrode surface. The blocking effect of the deposited Al(OH)3 layer reduces the metal 

dissolution rate, eventually leading to a static dissolving front corresponding to a 

completely blocked surface. Despite of the assumptions and simplifications made, the 

general approach in this dynamic model provides a good platform for further modelling 

work.  

    Based on the model established in chapter 2, we investigated the effect of geometric 

factors, i.e., the cathodic particle radius and the anodic ring width, on the kinetics of micro-

galvanic corrosion process, in chapter 3, and formulated the criteria for stabilization of the 

localized corrosion based on the theoretical analysis. Comparing with the empirical criteria 

proposed by Galvele [1], Williams et al. [3] and Pride et al. [19], this model is able to 

theoretically and quantitatively analyze the influence of the mass transport, the local 

electrochemical reactions, the changing of dissolving volume caused by metal dissolution, 

as well as the deposition of the corrosion product, on the development of the micro-

galvanic corrosion. Specifically, according to the calculations, for anodic ring width < 0.5 

µm, local acidification in the dissolving volume is severe enough to inhibit deposition of 

Al(OH)3, and thus sustain the localized corrosion. On the other hand, for larger ring widths, 

Al(OH)3 deposition occurs, leading to gradual blockage of the active electrode surface, and 

this process can be enhanced by a decrease of the anodic ring width. Another finding from 

the present study is that a submicron-sized cathodic particle cannot provide enough driving 

force to stabilize the micro-galvanic corrosion, whereas a micron-sized cathodic particle 

can. This finding is in good agreement with experimental observations suggesting that 
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sufficiently small particles are not harmful for the material since they do not cause serious 

localized corrosion [17, 22, 111]. 

    As a further step to improve the dynamic model, in chapter 4, we manage to use the 

chemical-dependent electrochemical kinetics as input parameters to make the model more 

realistic by considering the impact of heterogeneous local environment across the active 

surface. One example of implications of this modelling work is the prediction of trench 

formation induced by cathodic particles in Al alloys. It has been widely debated for a long 

time whether the galvanic effect [6] of the cathodic particles or the local acidification [1, 

43]/alkalization [17, 48] surrounding the particle is the determining factor for the trench 

formation. Our established model provides a possibility for investigating the role of the 

microstructure (galvanic coupling) and local environment simultaneously, which is helpful 

for reaching a more complete and comprehensive understanding of the mechanism of the 

micro-galvanic corrosion of Al alloys. Moreover, it is possible and convenient to apply this 

model to other relevant systems just by changing the featured input parameters. Successful 

use of the multi-factor-dependent electrochemical kinetics can also be utilized to simulate 

different specific corrosion environments, if the input parameters for the modelling are 

available, experimentally or theoretically. 

    In chapter 5, we further develop the deposit model by taking into account the deposition 

and accumulation of corrosion product (Al(OH)3) in the liquid phase, in addition to the 

electrode surface. The steric hindrance effect of the deposited porous layer is formulated by 

introducing the parameter, porosity (ε), which is used to quantify the compactness degree of 

the deposited Al(OH)3. With such a porous deposit layer formed in the vicinity of the 

electrode surface, the surface activity is reduced [101, 102], and the diffusion of different 

species in the electrolyte is also inhibited [100]. Besides, according to the simulation, the 

conductivity of the electrolyte also decreases as much as two orders of magnitude, retarding 

the migration of charged species [103, 104]. The overall effect is that the corrosion rate 

decreases dramatically and reaches a stable low level after a certain time, i.e., the steric 

hindrance effect of the deposited porous Al(OH)3 has a significant influence on the 

dynamic corrosion process. To our knowledge, for the first time, the steric hindrance effect 

of the deposited corrosion product on the kinetics of the micro-galvanic corrosion could be 

investigated by theoretical modeling in our work.  
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7 Outlook  

Owing to the general physicochemical feature and flexibility of our established model for 

investigating micro-galvanic corrosion in Al alloys, the model can be easily adopted for 

studying localized corrosion of other materials, e.g., SS, copper alloys, etc., and other 

localized corrosion forms such as pitting, crevice corrosion, etc., by changing the featured 

parameters and kinetics as inputs. This work is a successful effort to combine the traditional 

experimental methods with the advanced modelling and simulation in corrosion field, 

providing a deep insight on the kinetics of localized corrosion. In the future, more 

applications for different localized corrosion systems need to be done to verify the 

reliability of the established model. Moreover, based on more experiment observations, the 

model need to be further developed, for instance, by taking into account the important role 

of Cl- ions in the corrosion process, and considering the influence of local acidification 

inside the dissolving volume on the deposition/dissolution of the corrosion product 

kinetically. All these features are needed for building a comprehensive model for whole life 

prediction of varieties of alloys.  

    For instance, currently we are investigating crevice corrosion using the model presented 

in chapter 5, considering the steric hindrance effect of the porous corrosion product. The 

crevice corrosion model is built by inserting a 4 µm deep and 0.1 µm in width crevice 

between the cathode and the surrounding matrix (anode). As shown in Figure 7.1 below, by 

comparing the local pH distributions calculated by using the model without (introduced in 

chapter 5) and with a crevice, a more severe local acidification is seen in the crevice 

corrosion model. This result is reasonable considering that the inserted crevice is efficient 

to isolate the local environment in the dissolving volume. 
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Figure 7.1. pH distribution of the electrolyte within the dissolving crevice after 70 h,  

indicating a low pH inside the crevice. The initial crevice is 4 µm deep and 0.1 µm in width. 

The simulated electrolyte is 0.1 M NaCl with bulk pH = 6. 
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