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Abstract 

Localized corrosion of aluminum (Al, here including Al alloys) involves a 

series of physico-chemical processes at the interface between the metal and the 

aqueous ad-layer or the aqueous solution. The mechanisms that govern localized 

corrosion are quite complex and have been the subject of many experimental 

studies. Efforts to improve our understanding through computational studies have 

so far been much more limited. The primary aim of this Doctoral Thesis was to 

apply Density Functional Theory (DFT), together with some Molecular Dynamics 

calculations (limited effort), to gain a deeper mechanistic understanding of some 

of the most influential factors for the initiation of localized corrosion of Al: chloride 

ions, intermetallic particles (IMPs) and the presence of an aqueous ad-layer on the 

solid phase.   

In the scientific literature three scenarios have been proposed for the 

interaction of chloride ions with an aluminum and/or passive aluminum surface: 

through adsorption onto the passive layer, through breakdown of the same layer 

or through migration of chloride ions into the layer. DFT-calculations have been 

able to explore these scenarios in more detail, and provide evidence that chloride 

ions induce partial de-passivation in several ways. On the bare Al surface, chloride 

ions may inhibit the re-passivation through competitive adsorption with oxygen 

molecules, as suggested by density of state calculations. Chloride ions are also 

found to migrate via oxygen vacancies into the inner part of the investigated 

aluminum oxide films (α- and γ-Al2O3), where a critical amount of accumulated 

chloride can promote meta-stable pitting propagation. γ-Al2O3 exhibits a more 

open structure than α-Al2O3, resulting in a lower energy barrier for chloride 

migration.  

Micro-galvanic effects induced by Volta potential differences between 

representative intermetallic particles (Mg2Si and Al2Cu) and the surrounding Al 

matrix were predicted by calculating the work function of the bare surfaces of 

these phases with DFT. These values vary with crystalline face orientation and 

with terminal atomic configuration in the outmost surface layer. Calculated Volta 

potential differences between IMPs and Al show a reasonable agreement with 

reported experimental data, and suggest the possibility of predicting the nobility 

of specific IMPs relative to Al. Moreover, both DFT and scanning Kelvin probe force 

microscopy show evidence of electrochemical nobility inversion of Mg2Si versus 

Al upon adsorption of pure water ad-layers. This implies that an originally 
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cathodic Mg2Si phase becomes anodic compared to Al upon water adsorption, and 

is attributed to surface relaxation according to DFT calculations. With subsequent 

introduction of chloride ions into the water ad-layer, the nobility inversion of both 

Mg2Si and Al2Cu retains. This is due to a strong oxidizing effect of water on Al, while 

the effect of chloride seems less pronounced. 

In all, these and other examples presented show that DFT-calculations can 

provide more detailed atomistic and molecular information on physico-chemical 

processes governing localized corrosion of Al than experiments alone can do.  

 

 

 

 

Keywords: aluminum alloys, alumina, chloride, surface adsorption, aqueous ad-

layer, localized corrosion, corrosion initiation, work function, micro-galvanic effect, 

density-functional theory, Volta potential, scanning kelvin probe force microscopy 
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Sammanfattning på svenska 

Kvantmekaniska metoder sa som ta thetsfunktional-teori (Eng. Density 

functional theory, DFT) har under de senaste a rtiondena bo rjat tilla mpas pa  allt 

mer komplicerade modellsystem. I denna doktorsavhandling har det prima ra 

syftet varit att tilla mpa DFT fo r att kunna uppna  en djupare fo rsta else fo r 

mekanismerna bakom initiering av lokala korrosionsangrepp pa  aluminium. I 

mo jligaste ma n har de teoretiskt framtagna resultaten a ven ja mfo rts med 

experimentella data. Lokalkorrosion a r en komplicerad fysikalisk-kemisk process 

och en utmaning har varit att definiera fra gesta llningen sa  att fo renklade men 

a nda  relevanta modellsystem ga r att bera kna med DFT. Tre faktorer, som alla har 

stor betydelse fo r den lokala korrosionsinitieringen, har studerats mer inga ende: 

kloridjoners inverkan, mikrogalvaniska effekter orsakade av intermetalliska 

sekunda rfaser i aluminium-matrisen, och na rvaron av en tunn adsorberad 

vattenfilm.   

Baserat pa  tidigare experimentella studier finns tre mo jliga sa tt pa  vilka 

kloridjoner kan pa verka initieringen av lokalkorrosion: genom adsorption pa  

aluminiumets passivfilm, genom strukturell nedbrytning av passivfilmen eller 

genom migration av kloridjoner genom passivfilmen. DFT-bera kningarna har 

kunnat belysa dessa processer mer inga ende. Adsorberat klorid kan deformera ett 

monolager adsorberat syre, som ta cker den rena aluminiumytan, och da rvid 

a stadkomma en minskad strukturell stabilitet och passiverande fo rma ga hos 

monolagret syre. Bindningen mellan aluminium- och syreatomer a r mycket stark 

och klorid kan inte bryta upp den bindningen. Da remot kan adsorberat klorid 

ha mma repassiveringsfo rma gan hos monolagret syre genom att konkurrera med 

syre om mo jliga adsorptionsplatser pa  aluminiumytan. DFT-bera kningarna visar 

a ven att kloridtransport sker via syrevakanser i den underso ka 

aluminiumoxidfilmen (α-Al2O3), som uppvisar en relativt liten energibarria r fo r 

klorid-migration. Energibarria ren minskar ytterligare genom dopning med andra 

legeringselement eller genom klorid som redan placerats i oxidgittret. Transport 

av klorid genom aluminiumoxiden fo rsa mrar dess skyddande egenskaper. Det 

sker genom att oxidstrukturen relaxerar men ocksa  genom en kraftig sa nkning av 

oxidens uttra desarbete (eng. Work function). Na r tillra ckligt med klorid, i form av 

reaktionsintermedia rer, samlats i fasgra nsen mellan oxid och aluminium uppsta r 

fo rutsa ttningar fo r en stabil tillva xt av det lokala korrosionsangreppet. Ja mfo rt 

med α-Al2O3 uppvisar en annan ta nkbar oxidfas, γ-Al2O3, en mer o ppen struktur 

och la gre energibarria r, vilket underla ttar kloridtransporten genom γ-Al2O3. 
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Mikrogalvaniska effekter mellan tva  representativa intermetalliska 

sekunda rfaser (Mg2Si respektive Al2Cu) och den omkringliggande aluminium-

matrisen har kunnat uppskattas genom utra kningar av skillnaden i Volta-potential 

mellan de intilliggande faserna. De bera knade va rdena pa  Volta-potential 

korrelerar utma rkt med motsvarande uppma tta va rden fo r sa va l rena som 

vattenadsorberade ytor. Potentialskillnaderna visar sig vara beroende av de 

inga ende fasernas orientering, av strukturen hos den allra yttersta ytans atoma ra 

konfiguration, samt av adsorption av olika species sa som klorid eller vatten. Pa  en 

ren aluminiumyta kommer adsorberade species med ho gt uttra desarbete att 

resultera i en ho jning av systemets totala uttra desarbete, och tva rt om. 

Bera kningarna visar att adsorberat vatten har en starkt oxiderande effekt pa  

aluminium, oavsett na rvaron av klorid. I o verenssta mmelse med experiment kan 

de underso kta systemen genomga  sa  kallad elektrokemisk inversion. Det inneba r 

att en intermetallisk sekunda rfas, som fra n bo rjan var katodisk relativt 

aluminiummatrisen, blir anodisk na r ma ngden adsorberat vatten pa  ytan o kar. 

Fenomenet tillskrivs fo ra ndringar i atoma r ytkonfiguration hos de inga ende 

faserna i samband med adsorption.   

Sammantaget visar dessa och andra exempel i avhandlingen hur DFT-

bera kningar av fysikaliskt-kemiska fo rutsa ttningar under initiering av 

lokalkorrosion pa  aluminium kan leda till mer detaljerad molekyla r information 

a n vad som vore mo jligt med enbart experimentella studier. 
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Preface 

This thesis investigates the mechanisms of localized corrosion initiation in 

aluminum alloys. Phases including aluminum (Al), intermetallic particles (IMPs), 

and Al oxide (mainly α-Al2O3. Some preliminary results for γ-Al2O3, not shown in 

this section) are constructed and calculated. Interplay between oxygen, water, 

chloride (Cl-) and solid phases, as well as the influence of micro-galvanic effect 

induced by Volta potential difference are considered. Schematic 1 below 

summarizes systems, parameters and influencing factors in papers I~VI. 

 

 

Schematic 1 Summary of calculation systems, parameters, key influencing factors and 

implications for localized corrosion in each paper. 
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1 Introduction 

1.1 Motivation and scope 

Aluminum (Al) alloys are widely utilized in many of the industrial 

applications, for instance, aircraft, ship, automobiles, electronics, etc. Al alloys own 

desirable properties, including good corrosion resistance, high strength/weight 

ratio and easy fabrication, etc. Due to the extremely low strength of pure Al, 

various alloying elements have been added in order to raise its strength. However, 

the good corrosion resistance, which is gained through the formation of an 

ultrathin but dense passive film on Al surface exposed in ambient atmosphere, is 

thus reduced. Corrosion is a common type of material degradation in various 

environments, but most commonly refers metals in aqueous environments, which 

involves active dissolution of metal (anodic reaction) as well as reduction of 

oxygen or other species (cathodic reaction). For a simple corrosion system, several 

key factors are involved: an anode, a cathode, and charge transfer reactions on 

those two electrodes, as exemplified below. 

 

Anodic reaction: Al → Al3+ + 3e-             (1-1) 

Cathodic reaction: O2 + 2H2O + 4e- → 4OH-    (1-2) 

Or 2H+ + 2e- → H2                         (1-3) 

 

Multi-element compositions of Al alloys lead to complex microstructures in 

the alloys, thus the passive film formed on the surface can be quite non-uniform 

and even defective. On the other hand, structural heterogeneities may in turn 

promote local interactions with external aqueous environments, leading to 

localized corrosion, meaning corrosion attack only takes place locally on metal 

surface. Moreover, the addition of alloying elements in Al alloys may result in the 

formation of various intermetallic phases as precipitate particles (IMPs) under 

certain heat treatments. Generally, those IMPs can have quite different surface 

potentials compared to the substrate, thus their potential difference acts as the 

driven force for accelerated corrosion of one phase (with lower potential, i.e., less 

noble) than another (with higher potential, i.e., more noble). This is so-called 

galvanic effect, and if those IMPs are small, with size ~ μm or even smaller, then it 

is termed as “micro-galvanic effect”. Possible galvanic effect between those IMPs 

and Al matrix can have a profound effect on the localized corrosion of Al alloys. 

Local dissolution caused by the micro-galvanic effect initiates at atomic scale, 
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develops to microscopic scale, and will propagate into larger scales gradually.  

Apart from the material heterogeneity causing localized corrosion mentioned 

above, influences from environmental factors must also be taken into 

consideration. Specially, chloride ion (Cl-), one of the most common aggressive ions 

inducing (localized) corrosion of Al materials, can damage the passive film, and 

eventually result in active dissolution of Al matrix. Even in damp/ambient 

atmospheres without aggressive ions, the adsorption of water film can also lead to 

surface changes, as water can not only take part in various reactions, but also 

provide required aqueous medium, facilitating many other processes. Besides, it 

also can dissolve and affect other atmospheric species, which can be the key in 

aggravating heterogeneities at the metal/aqueous solution (M/S) interfaces.  

In summary, metal (localized) corrosion involves a variety of complex 

processes, at several M/S interfaces, which are of multi-discipline characters 

including physics, chemistry and material science, etc., 1. The interactions 

occurring at different interfaces are of paramount importance in determining 

corrosion initiation, corrosion propagation and final failure of the materials. 

Specifically, during an early stage of corrosion, a series of atomic processes are 

involved, for instance, surface adsorption, subsequent dissolution, and ionic 

migration within the surface oxide and the matrix. All the above processes can be 

featured by bond breaking and forming.  

Conventional experimental techniques have provided a lot of useful dynamic 

and structural evidences regarding various corrosion systems. Due to their spatial 

and temporal limitations, such evidences are sometimes believed to be too 

“average”. By contrast, by focusing on the most important influencing factors, 

simulations based on the first principle theory are able to investigate specific 

atomic or molecular scenarios closely related to metal corrosion. Therefore, the 

theoretical simulation is quite useful for elucidating the corrosion mechanisms. 

Before doing such simulations, the relationship between those simplified models 

and real corrosion problems should be rationalized. This thesis aims to provide 

detailed information on the mechanisms of localized corrosion initiation in Al 

alloys, addressing the interplay between aqueous species and Al matrix, as well as 

the influence of micro-galvanic effect induced by IMPs, through a combination of 

simulation and experimental studies. 
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2 Scientific background 

2.1 Oxidation of Al 

Al is easily oxidized by common oxidants, such as water molecules, oxygen gas, 

though the Al oxide structures might be slightly different. In general, Al oxidation 

starts with the interaction between oxidants and the surface. Within oxygen 

atmosphere, an oxide layer containing only alumina (Al2O3) is formed on pure Al 

surface, while the thickness of this oxide film increases with time and oxygen 

partial pressure 2. When exposed to water vapor, “Al(OH)3-Al2O3”-like structure is 

formed on pure Al 3. For Al alloys containing other elements on the surface, some 

of them also tend to form oxides, altering the corrosion behavior of the matrix 4. A 

single layer of oxygen atoms on Al surface has been confirmed to provide passivity 

5. 

There are various metastable Al oxide phases, such as γ, ƞ, θ, δ, κ, χ, which 

finally transform to the most stable phase, α-Al2O3, under proper heat treatment 6, 

7. However, commonly observed oxide films could be AlOOH 8, or γ-Al2O3 9. 

Experiments have shown that the natural oxide formed on Al is non-crystalline, 

whereas immersion of Al in water will increase the crystallinity of the oxide film 

10.  

Besides different phases, oxide thickness and defects also play a key role in 

determining corrosion-related properties. With the thickening of alumina film, the 

band gap increases accordingly 11. While bulk Al oxide demonstrates a band gap of 

7 - 9 eV 12. Different band gap values of Al oxide have also been reported, which 

mainly depends on surface conditions (6.3 eV 13; 2.8 - 4.5 eV 14; 3 eV 15). Other 

property closely related to corrosion is the surface potential, which shows strong 

dependence on the thickness of surface oxide, 12, 16-18. On the other hand, vacancies 

are commonly seen in alumina, which decide the structural stability and reactivity 

of the oxide, thus largely influencing the corrosion behavior 19.  

For oxidation process on metal surfaces, theoretical studies have been shown 

to be perfect methods for the investigation of specific interactions, surface 

reactions as well as the establishment of interfacial potential 20-24. For instance, 

adsorption of water molecules was studied on clean and oxygen pre-adsorbed Al 

surface, addressing the promoting effect of oxygen on water dissociation 24. After 

a fast formation process in the beginning, the very thin oxide film can continue to 

get thickened under ambient conditions. Water is believed to interact with surface 

oxide film differently, depending on its partial pressure or coverage, as well as 
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water orientations: the oxygen atom of water is usually bonded to surface Al, while 

the hydrogen atom of water is bonded to surface oxygen 22. However, the oxide film 

on Al can eventually reach a limiting thickness, as verified by Baran 20. In short, 

opposite charges can form on the oxygen molecules and Al2O3/Al interface, which 

thus establish a potential difference in between, driving the ionic transport across 

the oxide. This potential difference will decrease gradually and finally vanish as 

the oxide grows thicker, so that the oxide film approaches the limiting thickness.   

2.2 Localized corrosion of Al alloys 

2.2.1 Pitting corrosion 

Pitting is one of the most common forms of localized corrosion of Al alloys. 

Generally, the thin passive layer on Al and its alloys has good corrosion resistance, 

but it can be attacked by aggressive ions, and can hardly repair after the initiation 

of breakdown. Meanwhile pitting corrosion can easily induce other types of 

corrosion in a larger scale under certain conditions 25.  

Pitting of passive metals involves two interfaces and four stages, i.e., ionic 

adsorption and reactions at the aqueous solution/oxide interface (S/O), migration 

of species in oxide film as well as the degradation of the oxide film, propagation 

and stabilized pitting corrosion 26. The first two stages are regarded as the 

initiation of pitting, during which adsorption of chloride ions (Cl-) and chemical 

reactions occur. Oxide breakdown is proceeding through two main mechanisms: 

thinning by oxide dissolution or Cl- migration. The mechanisms for Al pitting 

initiation will be addressed in this thesis.  

After the formation of meta-stable pitting, aqueous environment within the 

cavity is known to be “extreme”: low pH, high Cl- concentration 26, 27. Once 

stabilized, a cavity is formed with corrosion products, commonly hydroxides will 

cover on this cavity. As corrosion develops, the electrochemical cell formed by the 

local corrosion will continue to drive ionic transfer in the solution towards the 

corroded surface. In the presence of some non-dissolvable corrosion products 

covering the cavity, small ions, for example Cl-, move faster and more easily 

transfer into the cavity. Meanwhile, in the cavity, hydrolysis of dissolved metal ions 

lead to formation of H+ ions, acidifying the inner environment and promoting 

further inward transport of Cl- as a result of charge neutralization. In this way, 

highly concentrated Cl- and acidified environments are developed within the cavity. 

There is no data reported for the critical Cl- concentration needed for stable pitting 

propagation in Al alloys. For stainless steel, a critical Cl- concentration of 3 mol/L 
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was proposed 28.  

2.2.1.1 Mechanisms of Al pitting caused by Cl- 

As mentioned above, Cl- is of great importance in pitting corrosion. The pH for 

the point of zero charge (pHpzc) is 9-9.4 for natural alumina, indicating that oxide-

covered Al surface will be positively charged while immersed in a neutral 

electrolyte 29, 30. Normally, a positively charged surface tend to attract anions, for 

instance Cl-. Furthermore, chloride ions are able to repel adsorbed water 

molecules on Al surface (often referred as specific adsorption 31) and adsorb 

locally at certain surface sites, particularly at defective locations 32. 

Three mechanisms of Al pitting caused by Cl- have been proposed based on 

specific interactions of chloride ions with the substrate 33: (1) adsorption, (2) 

breakdown, (3) insertion, which are schematically shown in Figure 2-1. 

The first mechanism is based on assumption that the passive film on Al 

surface is comprised of a single layer of oxygen atoms. Cl- ions tend to replace 

oxygen atoms by adsorption at specific sites, and promote metal cation (Me) 

migration from the passive film to electrolyte (El). Corresponding current density 

(ic) is thus much larger than that of passivation (ic,p). The formed Me may further 

react with Cl-, resulting in soluble intermediate, such as Me-Cl complex 34. Cl- may 

also lead to thinning of the oxide film through surface reactions, resulting in a 

stronger electric field across the film, which in turn promotes ionic transport 

within the film and towards El (thus large current density, ic,h) 35.  

The “breakdown” mechanism refers that the passive film on metals undergoes 

continuous breaking and repairing due to internal stress in the passive film formed 

on metals. In addition, blistering, aggregation of vacancies, electrostriction stress, 

etc. 27, 36, 37, may result in formation of mechanical stress within the film, leading to 

oxide breakdown with bare metal surface exposed to electrolyte. Such oxide 

breakdown can be repaired quickly (so-called re-passivation) if the metal is 

exposed to non-aggressive solutions. But the presence of Cl- can greatly inhibit the 

re-passivation process via competition with species like oxygen or hydroxyl 

groups, activating the metal surface.  

The “insertion” mechanism involves Cl- transport within and through metal 

oxide into the oxide/metal interface, where passivity breakdown arises due to 

further active dissolution of the bare metal 38. Huge electric field along the oxide 

film (106~107 V/cm) may provide driving force for other ionic migration (metal 

cations, O2-, SO4
2− , et al.). On the other hand, Cl- insertion would increase the 

possibility to form surface cationic vacancies, which move towards the 
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oxide/metal interface. The aggregation of vacancies leads to larger voids, which 

can be regarded as the initiation of pitting corrosion. 39. 

 

 

Figure 2-1 Three mechanisms (a) adsorption, (b) breakdown, (c) insertion, proposed for 

Cl- induced pitting corrosion 33.  
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2.2.1.2 Experimental & theoretical research 

Corrosion can be studied with a number of techniques, for instance, 

electrochemical dynamic polarization can provide information about the 

potential-current relationship before, during, and after the Al corrosion 40, 41. From 

such polarization curves, characteristic potentials like corrosion potential and 

pitting potential can be extracted to evaluate the corrosion behaviors. A 

correlation between corrosion potential with Cl- concentration has been found, 

indicating that Cl- is the key factor leading to pitting, whereas dissolved oxygen is 

less important 42-44. Atomic force microscopy (AFM) is usually used in corrosion 

studies, which can be performed in-situ together with electrochemical 

measurements. It can provide valuable information on surface morphology 

evolution caused by corrosion as well as local electrochemical information of the 

corrosion process 45-47. On the other hand, spectroscopic techniques, like X-ray 

photoelectron spectroscopy (XPS), are capable of detecting Cl- ions on and 

underneath the surface of a substrate, making it perfect for corrosion study. 

Natishan et al 48-50 observed that only above a critical applied potential, Cl- was 

able to enter the passive film.  

As mentioned above, the first two stages of pitting happen at microscopic 

scale and in a fast manner (µs~ps) 33, 51. Experimental measurements mentioned 

above have provided useful information of pitting corrosion. However, the 

information is still too “average”, “far away” from the real pictures that describe 

fundamental details of pitting initiation. The advantage of atomic simulations is its 

ability of focusing on specific processes and interactions. By constructing 

corresponding atomic models relevant to corrosion processes, single factor of 

great importance for corrosion can be distinguished with different models. Thus, 

the atomic simulations can unravel the exact mechanism of pitting initiation.  

The interactions between Cl- ions and alumina were investigated by first-

principle calculations. Results reveal that Cl- can readily penetrate into the lattice 

of alumina, making this oxide film less stable 52. Moreover, co-adsorption of H2O, 

OH- and Cl- on an Al cluster were calculated, indicating that the Cl- has much larger 

adsorption energy than the other two species 53. The dissociation of Cl2 on Al 

surface was found to proceed with further reactions with surface Al, forming AlCl3 

complex 54. Similarly, other halide ions on Al surface have also been studied 55.  
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The study of Cl on Al surface has been limited to the adsorption and surface 

reaction issues. No further evidence was observed for explaining the corrosion 

issues although those surface processes are closely related to corrosion. In 

contrast, atomic simulations on corrosion initiation of Ni have been conducted by 

using DFT 56-59. Focusing on Cl--NiO film interaction, corresponding atomic 

configurations were constructed considering different mechanisms proposed in 

Figure 2-1. With the increasing coverage, Cl- adsorption was found to be 

exothermic, but surface relaxation or dissolution was barely observed 58. Whereas, 

Cl- insertion led to breaking of Ni-O bond, and further weakened the binding 

strength between the atomic layers, suggesting dissolution of the surface atoms. 

However, the calculated insertion energy was found to be endothermic at low 

coverage, and the insertion became favorable only at high Cl- coverage. Corrosion 

initiation of Cu was investigated by Wei 60, leading to the conclusion that both 

adsorption and insertion of Cl- ions were able to cause weakening of Cu2O film. The 

relative energy confirmed that adsorption-induced film thinning was more 

favorable than the other mechanism (insertion-induced). 

2.2.2 Micro-galvanic effect 

The merits of pure Al are good corrosion resistance, lightweight, and 

abundance thus cheap in price, but it has very low strength. To make it more 

applicable to various service conditions, different alloying elements are added, 

such as copper (Cu), iron (Fe), magnesium (Mg), silicon (Si), zinc (Zn) etc. Generally, 

Al alloys can be categorized into seven series according to their distinctive 

compositions as well as heat treatments. 2xxx (Al-Cu) and 7xxx (Al-Zn) alloys for 

example are widely used in applications like aerospace because of their high 

strength 61. 

For two metals, a simple way of evaluating the corrosion tendency is the 

standard electrochemical series 62, as shown in Table 2-1. The more negative the 

standard electrode potential of a metal is, the easier it corrodes when two different 

metals are galvanically coupled in electrolyte. 

In Al alloys, alloying elements may segregate to the surface, driven by their 

surface energy of the elements. A lower surface energy corresponds to easier 

segregation, and vice versa 63, 64. Moreover, those elements with lower surface 

energy can also exist in interstitial sites or even enter Al lattice. Besides, different 

heat treatments result in formation of various IMPs, which introduce structural 
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heterogeneities within Al alloys. Additionally, the potential difference of various 

IMPs relative to Al may initiate localized corrosion due to micro-galvanic effect 65. 

Table 2-1 The electrode potential of different metals (U0 vs. SHE) under standard 

conditions. 

Electrochemical reactions U0/V 

Au3+ + 3e- → Au +1.42 

Pt2+ + 2e- → Pt +1.20 

Cu2+ 2e- → Cu +0.34 

2H+ + 2e- → H2 0 

Ni2+ + 2e- → Ni -0.25 

Fe2+ + 2e- → Fe -0.44 

Cr3+ +3e- → Cr -0.74 

Zn2+ + 2e- → Zn -0.76 

Ti2+ + 2e- → Ti -1.63 

Al3+ +3e- → Al -1.66 

Mg2+ + 2e- → Mg -2.37 

Na+ + e- → Na -2.71 

Ca2+ + 2e- →Ca -2.87 

2.2.2.1 Effect of alloying elements 

As mentioned above, alloying elements exist in Al alloys in various forms. In 

general, Al alloys are less resistant to corrosion than pure Al 66-68. The addition of 

Cu in 2xxx Al alloys makes the alloys less resistant to pitting corrosion, compared 

with pure Al 68. It was found that Cu changes the structure of the passive film by 

entering into the oxide lattice. On the other hand, a series of 7xxx Al alloys 

containing varying Cu contents were investigated by electrochemical techniques, 

and the results reveal that the alloy with higher Cu content has larger resistance 

to pitting. However, increase in Cu content also raises the cathodic current density. 

Therefore, Cu is still regarded as a detrimental element 69. Similarly, Fe was also 

reported to increase cathodic current density of Al 70. 

Alloying elements can alter surface reactivity and change the structural 

stability of the materials. Theoretically, by replacing host atoms with other foreign 

atoms, i.e., doping, the influence of alloying on surface reactivity can be studied. 

For instance, Mg- or Zn-doped Al12 cluster was observed to decrease dissociation 

energy barrier for water molecules 71.  

Apart from doping, alloying elements can also form various IMPs. In 2xxx and 

7xxx Al alloys, common IMPs containing Cu are Al2CuMg, Al2Cu, Al7Cu2Fe, while 
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IMPs containing Mg are Mg2Si, MgZn2 69, 72. The size of those IMPs may be as small 

as μm, some even in the range of nm. When IMPs and matrix are coupled in 

solution, micro-galvanic effect can be established due to their potential difference 

between those IMPs and Al matrix, which promotes further localized corrosion 25, 

26.  

Intermetallic particles, composed of very active metal elements (see Table 2-

1), for example, Mg, Ca, Zn, would act as local anodes relative to the Al matrix, like 

Al2CuMg and MgZn2. Those active elements within IMPs tend to dissolve first when 

immersed in electrolyte, leaving behind relatively inert elements. Such 

phenomenon is called “de-alloying” 73. Whereas for typical cathodic particles like 

Al2Cu and Al7Cu2Fe, the surrounding Al matrix is corroded, which is called “trench” 

74. The cathodic particle can serve as the local electrodes supporting cathodic 

reactions, like O2 reduction 47, 69, 75 and thus promote localized corrosion 76. 

To determine whether a particle is anodic or cathodic, one can use scanning 

kelvin probe force microscopy (SKPFM) to measure the Volta potential of the 

particle relative to substrate. Being anodic means the Volta potential of the particle 

is lower than that of the matrix, and vice versa. The Volta potential measured in air 

of a few metals was reported to have a linear relationship with their open circuit 

potential (OCP) measured in electrolyte 74, 77. This fact suggests that the measured 

Volta potential can be used as a “criterion” for ranking corrosion tendency of 

materials. Birbilis et al. fabricated a few IMP single phases common in Al alloys 

and measured their corrosion potential in NaCl solution 72. Their study confirmed 

that anodic particles indeed had lower corrosion potential than the cathodic ones. 

Immersion in NaCl electrolyte resulted in an increased Volta potential of the Al 

matrix due to the thickening of surface oxide film 78. 

In the study of the influence of IMPs, it has been found that corrosion 

dynamics and morphology are strongly dependent on the type of IMPs in Al alloys 

67. Besides, IMPs with larger size resulted in larger Volta potential difference 

relative to substrate, leading to more severe micro-galvanic effect and localized 

corrosion. While nm-sized particles had nearly no influence on the localized 

corrosion 79, 80.  

2.2.2.2 Electrochemical nobility inversion 

Usually, anodic particles will always act like anode, being corroded first, 

whereas cathodic particles are protected and not corroded. However, there are 

exceptions.  

Based on SKPFM measurements, Al2CuMg has higher Volta potential than Al 
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matrix, suggesting that, in principle, Al2CuMg will act as cathode during corrosion 

in electrolyte. In reality, however, this particle corroded earlier than Al matrix 

when the whole sample was immersed in solution. It was explained by the 

preferential dissolution of the passive film on this Al2CuMg 74, 81. Similarly, Volta 

potential measurements show that Mg2Si has lower potential than the Al matrix 82. 

However, the corrosion behavior of Mg2Si depends largely on the pH of solution: 

Mg2Si particles dissolve first at low pH whereas Al matrix dissolves first at high pH 

83. The formation of Mg(OH)2 and further transformation into MgO result in the 

dissolution of Al matrix in high pH solution 83. 

The phenomenon mentioned above was called “electrochemical nobility 

inversion” 73, 81, 84, 85. It is due to the selective dissolution of certain active elements 

from the IMP, so that the remnant becomes enriched in inert elements. Sometimes 

corrosion products are insulating and can also prevent the matrix from corrosion.  

2.2.2.3 Influencing factors for Volta potential measurement 

The principles of Volta potential measurement have been described in 

literature 17, 79, 82. Specifically, Volta potential measurement is based on the work 

function of probe and the sample surface. Under experimental conditions, whether 

the work function of the probe is stable is a question under debate. It is thus 

motivated to study if the adsorption of surface species and further surface 

reactions (e.g., oxidation) may have a significant effect on the Volta potential 

measurement in air. Indeed, the humidity, i.e., the adsorption of water molecules, 

and the surface oxide film were considered in many researches 17, 82, 86-88. Three 

common metals were selected to study the humidity effect on the work function 

derived from the Volta potential measurements 86. It was found that the work 

function of Cr decreased more than Cu or Au when the relative humidity increased 

from 20% to 100%, probably due to different thicknesses of the water ad-layer on 

these metal surfaces.  

2.3 Summary of key issues related to localized corrosion of Al and its alloys 

In summary, prior to pitting corrosion, Cl- ions were observed to adsorb and 

aggregate on Al surface 48. Moreover, Cl- ions can migrate into the oxide film 89. At 

the Al/electrolyte interface, Cl- ions also compete with OH-, which hinder re-

passivation of Al 90, and finally trigger pitting initiation 91. On the corroding surface, 

intermediate reaction products such as Al(OH)2Cl, Al(OH)Cl2, and AlCl3 form 

depending on solution pH 92. The exact “picture” of Cl- interaction with Al and 

alumina is still unclear. More relevant and specific atomic models should be 
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constructed to clarify the roles of Cl- in localized corrosion. For localized corrosion 

caused by structural heterogeneities, the micro-galvanic effect induced by 

various precipitate phases with different corrosion tendencies should be 

addressed. The verification of relationship between Volta potential and corrosion 

potential is needed.  
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3 Computational & experimental methods 

3.1 Density-functional theory (DFT) 

First-principle theory or ab-initio calculation enables the understanding and 

prediction of material properties without introducing any experimental input 93-

98. Those properties can be obtained by solving the time-independent Schro dinger 

equation of a system containing N nuclei (with mass M, charge Z, location RI, I = 

1,2,3,…N) and n electrons (with mass m, location ri, i = 1,2,3,…n), which is also 

called as many-body problem (Eq. 3-1).  

 

�̂�𝜓(𝒓, 𝑹) = 𝐸𝜓(𝒓, 𝑹)                      (3-1) 

 

where �̂� is the Hamilton operator, 𝜓 is the many-body wavefunction, and E is 

the total energy of the system, r and R are respectively the coordinates of all 

electrons and nuclei. The energy of the system, �̂�, can be written as a summary of 

kinetic energy of both electrons and nuclei, 𝑇𝑒 and 𝑇𝑁, the Coulomb interactions 

between electron-electron, electron-nucleus, and nucleus- nucleus, 𝑉𝑒𝑒, 𝑉𝑒𝑁, and 

𝑉𝑁𝑁, which are written as, 

 

�̂� = 𝑇𝑒 + 𝑉𝑒𝑒 + 𝑉𝑒𝑁 + 𝑇𝑁 + 𝑉𝑁𝑁 
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(3-2) 

 

Generally, to solve Eq. 3-1 is to determine the many-body wavefunction, ψ 

(or ρ in DFT), corresponding to the lowest energy of the system. However, 

contributions from nuclei and electrons are mutually dependent. By applying 

Born-Oppenheimer (BO) approximation, these two contributions can be 

separated considering that the nuclei have much larger mass than the electrons 

(at least 103 larger), meaning those electrons move quite fast around a relatively 

stationary nucleus. Under this BO approximation, the electronic part of 

Schro dinger equation can be treated separately, thus, Hamilton operator in Eq. 3-

1 then can be simplified to,  
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�̂�𝑒 = 𝑇𝑒 + 𝑉𝑒𝑒 + 𝑉𝑒𝑁                   (3-3) 

 

Thus, the total ground energy E can be expressed as a function of nuclei 

coordinates, E(R). With the BO approximation, the number of degrees of freedom 

is reduced to 3n. Yet it is still impossible to solve the electronic many-body 

problem for systems containing more than one electron. One of the solutions is 

density-functional theory (DFT) proposed by Thomas and Fermi and further 

confirmed by Hohenberg and Kohn, proving that the electronic properties of a 

system can be defined by the electron density, ρ(r), of the system in ground state, 

with energy E expressed as, 

 

E[𝜌] = 𝐹𝐻𝐾[𝜌] + 𝑉𝑒𝑥𝑝[𝜌]                 (3-4) 

 

Where the Hohenberg-Kohn functional, 𝐹𝐻𝐾[𝜌] = 𝑇𝑒[𝜌] + 𝑉𝑒𝑒[𝜌] is universal and 

independent of external potential. 𝑉𝑒𝑥𝑝[𝜌(𝒓)]  is the external potential 

experienced by the electrons from the nuclei, uniquely determined by the electron 

density, ρ(r). Still, the exact form of 𝑇𝑒[𝜌]  or 𝑉𝑒𝑒[𝜌]  was unknown until later 

when Kohn-Sham introduced the concept of a system containing n non-interacting 

electrons. The 𝐹𝐻𝐾[𝜌] in Eq. 3-4 is thus, 

 

𝐹𝐻𝐾[𝜌] = 𝑇𝑠 + 𝐸𝐻[𝜌] + 𝐸𝑋𝐶[𝜌]             (3-5) 

 

The first term is the kinetic energy of the non-interacting electrons, 𝐸𝐻[𝜌] is the 

classical coulomb energy, and 𝐸𝑋𝐶   is called exchange-correlation (XC) energy, 

embodying the kinetic energy difference between the non-interacting electrons 

and the real system (𝑇𝑒[𝜌]  and 𝑇𝑠[𝜌] ), as well as the non-classical coulomb 

component of 𝑉𝑒𝑒[𝜌].  

Unfortunately, the actual form of 𝐸𝑋𝐶   is unknown, for which some 

approximation is needed. Local density approximation (LDA) and generalized 

gradient approximation (GGA) are two widely used methods in DFT simulations. 

In this thesis work, DMol3 program code is applied for first-principle calculations, 

with PW91-GGA used as the exchange-correlation functional.  

3.2 Computational aspects of DFT 

3.2.1 Energetics  

(1) Surface energy  



- 23 - 
 

Surface energy (σ) is often used as a measure of the stability of a specific 

crystalline face. Conventionally, σ is the energy difference when a bulk material is 

split into surfaces, seen below,  

 

σ = (𝐸𝑠𝑙𝑎𝑏 –n𝐸𝑏𝑢𝑙𝑘 𝑎𝑡𝑜𝑚)/2               (3-6) 

 

where 𝐸𝑠𝑙𝑎𝑏  and 𝐸𝑏𝑢𝑙𝑘 𝑎𝑡𝑜𝑚  are respectively the total energy of the surface 

created and one atom within the bulk, and n is the number of atoms within the 

bulk. 

Unfortunately for Al metal studied in this thesis, surface energy calculation 

based on Eq. 3-6 seems not to converge against slab layers, probably due to the 

different methods used for calculating the total energies of Al bulk and Al surface 

99. An alternative equation is proposed to calculate the surface energy of Al 100, 

written as Eq. 3-7 below, 

 

σ = [𝐸𝑠𝑙𝑎𝑏
𝑁 − 𝑁(𝐸𝑠𝑙𝑎𝑏

𝑁 − 𝐸𝑠𝑙𝑎𝑏
𝑁−1)]/2         (3-7) 

 

(2) Adsorption energy (𝐸𝑎𝑑) 

When a species, atom or molecule (x) comes closer to a surface, leading to an 

adsorption process, the relative energy between the states after and before this 

process can be used to evaluate the strength of such adsorption, which is given by,  

 

𝐸𝑎𝑑  = 
𝐸𝑠−𝑥−(𝐸𝑠+𝐸𝑥)

𝑛
                    (3-8) 

 

Where 𝐸𝑠−𝑥 , 𝐸𝑠  and 𝐸𝑥  are respectively the total energy of adsorbed surface, 

clean surface and free species x, respectively. n is the number of x.  

More generally, for a reaction A + B = C + D, where A-D can be substrate or 

atom/molecule, the formation energy of this reaction is thus written as, 

 

Δ𝐸𝑟 = 𝐸𝐶  + 𝐸𝐷 - 𝐸𝐴 - 𝐸𝐵           (3-9) 

 

For example, dissociation, substitution, as well as formation of vacancies, all 

can be derived from Eq. 3-9, which is done in this thesis. 

3.2.2 Work function, 𝝓 

Work function can be regarded as one of the intrinsic properties of a material. 



- 24 - 
 

By definition, it refers to the work needed for an electron emitted from within a 

substrate into just outside the substrate surface, which includes chemical work 

and a dipole formed because electron cloud hovers over the surface. Ideally, if the 

surface is uncharged, then “just outside the surface” is equal to infinity. However, 

a surface will always be charged, which results in an additional work for the 

electron transfer from just outside the surface to the “real infinity” 101.  

Work function can be obtained by calculating the electrostatic potential 

profile of a specific surface, which is quite straightforward in the calculation 

package we use. It is the energy difference between vacuum energy level and the 

Fermi energy of the surface system (Figure 3-1a). It should be noted that work 

function is dependent on the number of slab layers. A convergence test should be 

done first (Figure 3-1b), where work function of three crystalline faces of Mg2Si 

are tested relative to slab layers. Besides, as can be seen in next chapter, work 

function is extremely sensitive to different orientations and terminal atoms.  

 

Figure 3-1 (a) Schematic plot showing calculations of electrostatic potential curve for 

slabs of certain layers, including energies for the vacuum (Ev), Fermi level (Ef), and their 

difference, work function (Ф). (b) Work function convergence test against the number of 

slab layers, by taking different orientations (110), (100), and (111) of Mg2Si for example. 

3.2.3 Ab initio thermodynamics 

It is well known that DFT calculations are performed under absolute zero 

kelvin. The energy derived from DFT can be combined with thermodynamic 

contributions, to evaluate the stability of surface system upon exposure to given 

conditions. Normally, for a gas (X, with amount NX)/solid (M, containing NM M 

(a) 

(b) 
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atoms) interface, the surface free energy is defined as 102, 

 

𝛾(𝑇, 𝑝) =
1

𝐴
[𝐺(𝑇, 𝑝, 𝑁𝑀, 𝑁𝑋) − 𝑁𝑀𝜇𝑀(𝑇, 𝑝) − 𝑁𝑋𝜇𝑋(𝑇, 𝑝)]    (3-10) 

 

where the free energy of adsorbed surface, 𝐺(𝑇, 𝑝, 𝑁𝑀, 𝑁𝑋) , and the chemical 

potential of clean surface M, 𝜇𝑀(𝑇, 𝑝) , as well as the chemical potential of 

adsorbate X, 𝜇𝑋(𝑇, 𝑝)  all can be expressed with respect to temperature T, and 

pressure p of gas X.  

In this thesis, a very first effort has been made to study phase diagram of 

water-related (H2O) species on different surfaces (denoted as *). To do that, 

assumptions need to be made for possible species (phases) related to H2O. 

Therefore, three different intermediates, O, OH, and H are considered to possibly 

form during H2O dissociation, with corresponding reactions listed in Eq. 3-11 – 

Eq. 3-14. To construct the phase diagram of various intermediates, the reaction 

free energy for each reaction, namely the adsorption free energy of each 

intermediate needs to be calculated. Note that H2O in the gas phase (pressure of 

H2O at room T is 0.035 bar) is used as reference state 103.  

 

* + H2O(g) → *OH + H+ + e-              (3-11) 

* + H2O(g) → *O + 2H+ + 2e-             (3-12) 

* + H+ + e- → *H                      (3-13) 

H2(g) → 2H+ + 2e-                     (3-14) 

 

The assumptions are shortly summarized below:  

1) The reference potential is set to be that of the standard hydrogen electrode 

(SHE), so that the chemical potential of (H+ + e-) in solution is equal to that of 1/2 

H2(g) in the gas phase, when Eq. 3-14 is in equilibrium 

2) The reaction free energy Δ𝐺0(U=0, pH=0, 𝑝𝐻2
=1bar, T=298K) = ΔE + ΔZPE -

TΔS, in which ΔE can be calculated by DFT directly, the change of zero point 

energies due to reactions, ΔZPE, and the change in entropy, ΔS, are obtained from 

literature 104. U is the electrode potential, with respect with SHE.  

3) Assume n electrons are involved in the reactions, the contribution of an 

electrode potential bias to the reaction free energy is Δ𝐺𝑈 = -neU.  

4) Similarly, the contribution of H+ (thus pH of the solution) to reaction free 

energy can be written as Δ𝐺𝑝𝐻 = -kT ln[H+] = kT ln 10*pH. Here, we assume pH = 0 

for simplicity.  
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Based on the assumptions above, the reaction free energy can be written as, 

 

ΔG(U, pH=0, 𝑝𝐻2
=1bar, T=298K) = Δ𝐺0 – neU + ΔZPE - TΔS     (3-15) 

 

Through the calculations and resulting phase diagram of different 

intermediates mentioned above, it is possible to demonstrate which reaction can 

proceed under certain electrode potential, the results also indicate which surface 

adsorbate is most stable at given potentials. 

3.2.4 Activation process 

To begin with, simply consider a chemical reaction, proceeding from a starting 

point A (one minimum point in potential energy surface, PES, regarded as reactant) 

to an ending point B (another minimum point, product), seeing Figure 3-2. Clearly, 

a reaction energy barrier ∆𝐸𝑎 98, 105 is needed to facilitate reaction from A to B. 

While in computational chemistry, one of the main aims is to search for a saddle 

point, or transition state (x†) in the potential energy surface connecting A and B. 

 

Figure 3-2 A schematic plot of potential energy surface (PES, 2D), with initial and final 

state, A and B, and the transition state x†. 

In this work, chloride transport in alumina can be seen as activation process, 

and the corresponding activation energy, ∆𝐸𝑎  can be obtained by DFT 

calculations. By using Arrhenius equation, the transport rate, k can be obtained by 

Eq. 3-16 below, 

 

𝑘 = 𝜗 ∙ 𝑒𝑥𝑝 (−
∆𝐸𝑎

𝑘𝐵𝑇
)                   (3-16) 
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The pre-exponential factor, 𝜗  denotes the vibrational frequency of an atom 

located at a local minimum point on potential energy surface. Typical periodic time 

for atomic vibration is 0.1~1ps, i.e., 1012~1013 per second. Thus,  𝜗  is about 

1012~1013/s. In this thesis, 𝜗  = 1013/s is applied, which is proved to be 

reasonable as ∆𝐸𝑎 has larger impact on the transport rate than ϑ, indicated by 

Sholl 98. 𝑘𝐵 is Boltzmann constant, T is temperature. 

Within solid, transport coefficient (D) is more commonly mentioned. As a 

result, transport rate, k, can be converted to D by equation below 106, 

 

D ∝ L2 * k                         (3-17) 

 

L is the distance of atomic jump from state A to B. In this work, L is set to be the 

initial distance between two neighboring oxygen vacancies, Ov-[n] and Ov-[n+1] 

(the original distance in the optimized alumina). 

3.3 Molecular dynamics (MD) 

Molecular dynamics is useful for investigation of the dynamics of species 

within aqueous environment. Compared to first-principle, it can handle much 

larger system. Another advantage of MD is that the whole system is under certain 

ensembles, accounting for finite temperature, which is missing in DFT. In this 

thesis, an NVT ensemble is selected, meaning that the number of particles, N, 

volume of the simulation cell/slab, V, and temperature T are kept constant during 

the whole simulation process. A total simulation time 100 picosecond (ps) is set 

with a time step 1 femtosecond (fs). Program code used for MD is Forcite.  

By solving Newton’s equation, trajectories of each atom in the studied system 

are recorded (atomic positions and velocities), which can be used for further 

analysis 107, 108. Here, MD simulations are conducted preliminarily to study the 

interaction between Cl--containing H2O ad-layers on Al as well as on alumina. Two 

main concerns are the distribution of Cl- and H2O on the surface, as well as the 

aqueous conditions around Cl- (hydrogen bond, orientation of H2O), which can be 

obtained by plotting concentration profile along the surface normal, and the radial 

distribution function (RDF), which denotes the possibility of finding other atoms 

around a central atom at a distance of r. Therefore, RDF is quite useful for studying 

aqueous environment (forming a spherical shell) around an atom of interest. 

Besides, the inter- and intra-molecular components of RDF can be separately 

displayed, enabling the study of hydrogen bond of the aqueous system (inter-H2O 
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interaction). 

3.4 Bridging DFT and experiments (Volta potential) 

3.4.1 Scanning Kelvin probe force microscopy (SKPFM) 

Kelvin probe was first used to study metal corrosion in 1987 109, which 

revealed a good correlation between Volta potential and corrosion potential. Later 

the scanning kelvin probe was also applied for potential measurements in humid 

atmosphere 110 and more and more used in corrosion studies of Al alloys 79. 

SKPFM is a valuable AFM-based technique capable of characterizing relative 

nobilities of various microstructure phases in alloys via Volta potential 

measurements. The principle of SKPFM is described below 101. Assume that there 

are two phases exposed on the surface, e.g., IMP (I) and matrix (M). When the 

SKPFM probe (P) approaches close to the IMP, then the measured Volta potential 

of the IMP is given by,  

 

𝛥𝜓𝑃
𝐼 = 𝜓I − 𝜓𝑃 = (𝜙𝐼 − 𝜙𝑃)/𝑒       (3-18) 

 

Similarly, the Volta potential of matrix is given by, 

 

𝛥𝜓𝑃
𝑀 = 𝜓𝑀 − 𝜓𝑃 = (𝜙𝑀 − 𝜙𝑃)/𝑒      (3-19) 

 

The difference between the last two equations then gives the so-called Volta 

potential difference between the IMP and the matrix, which is measured via 

SKPFM.  

 

𝛥𝜓𝑀
𝐼  = 𝛥𝜓𝑃

𝐼  − 𝛥𝜓𝑃
𝑀 = (𝜙𝐼 − 𝜙𝑀)/𝑒   (3-20) 

 

More importantly, work function of the specific phase (𝜙𝐼 , 𝜙𝑀 ) can be 

calculated by DFT simulation. In this way, simulations and experiments can be 

combined to study the relative nobility of various IMPs.  

In practice, Volta potentials are usually used to predict the corrosion tendency 

of different metals or phases in solution. However, large discrepancy was observed 

in some cases. Therefore, there is a need to understand the connection as well as 

the difference between these two parameters (Volta potential vs. corrosion 

potential). This can be addressed by using the notation of Trasatti 111, defining the 
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electrode potential of IMP and metal matrix (M) relative to standard hydrogen 

electrode, SHE, 

 

𝐸𝐼(𝑆𝐻𝐸) =
𝜙𝐼

𝑒
+ ∆𝜓𝑆

𝐼 − (4.44 ± 0.02)         (3-21) 

𝐸𝑀(𝑆𝐻𝐸) =
𝜙𝑀

𝑒
+ ∆𝜓𝑆

𝑀 − (4.44 ± 0.02)       (3-22) 

 

Note that 4.44 ± 0.02  (in Volt, V) is the absolute potential of SHE (T=298K, 

pH2
=1bar). ∆𝜓𝑆

𝐼  and ∆𝜓𝑆
𝑀 are contact potential differences of IMP/solution and 

M/solution, respectively. 

The difference in electrode potential of IMP and M thus serves as the driving 

force for micro-galvanic corrosion, that is, 

 

Δ𝐸𝑀
𝐼 =

𝜙𝐼−𝜙𝑀

𝑒
+ (∆𝜓𝑆

𝐼 − ∆𝜓𝑆
𝑀)              (3-23) 

 

It is obvious that the “driving force”, Δ𝐸𝑀
𝐼 , is comprised of the work function 

difference (also Volta potential difference) between IMP and M (𝛥𝜓𝑀
𝐼 ), and another 

term contributed by the interfacial potential parameter. Many factors, solution 

composition, temperature, pH and metal surface conditions can affect this 

parameter, which is unfortunately unmeasurable by experimental techniques. 

Thus, only when (∆𝜓𝑆
𝐼 − ∆𝜓𝑆

𝑀)  is negligible compared to the Volta potential 

difference, 𝛥𝜓𝑀
𝐼  can then be used to evaluate corrosion behaviors.  
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4 Summary of key results 

In this chapter, the main contents of the thesis will be summarized. The 

influence of aqueous ad-layer containing chloride and the micro-galvanic effect on 

localized corrosion Al alloys are addressed. In practice, corrosion mainly concerns 

Al alloys, although sometimes corrosion of Al is mentioned in a general sense.   

4.1 Bare metallic and oxide surfaces 

Localized corrosion of Al alloys mainly involves the interactions between the 

solid and the environment medium. The solid involved can be Al matrix, IMPs, and 

alumina. For simplicity, Al matrix is treated as pure Al, and the surface oxide 

(passive film) on the alloys is treated as alumina in the DFT study. Al metal, and 

two types of alumina (α, γ), together with four common IMPs (Al2Cu, Al2CuMg, 

Mg2Si, MgZn2) are considered in this work. First, their bulk atomic structures 112-

114 are listed below in Figure 4-1.  

 

Figure 4-1 Atomic structures of bulk Al2Cu, Al2CuMg, Mg2Si, MgZn2, Al and α, γ alumina. 

Three Al surfaces of low index (111), (110) and (100) were tested in terms of 

their surface energies. Results show that the (111) surface is most stable (though 

energy difference is only ~0.4 eV). The surface energy of Al2CuMg with both low 

and high index surfaces was also calculated (supplementary materials in paper I), 

showing that low-index does not necessarily correspond to low surface energy. 

Therefore, it is reasonable to believe that calculations for a limited number of low 
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index crystalline faces (common practice) of the studied material could be 

representative for the calculated system.  

IMPs containing Cu or Fe, like Al2Cu, Al7Cu2Fe, always serve as cathodic sites, 

while those containing Mg as the main component are generally anodic sites. The 

relative nobility is usually measured by SKPFM, yielding Volta potential data. 

When exposed in a solution, the electrochemical nobility (corrosion tendency) of 

IMPs in most cases is consistent with the Volta potential results in air. For those 

cases, DFT based work function calculations can reasonably give an atomistic 

explanation of the corrosion tendency. Work function is a surface parameter 

sensitive to slab thickness as well as the surface 86, 115. Thus, it is not surprising 

that Volta potential values of the same intermetallic particle measured can be 

rather scattered because exactly the same conditions are hardly ensured in the 

experiments 82, 116, 117. On the other hand, electrochemical nobility inversion has 

been reported in several cases, probably due to dealloying 73. Work function 

calculations in this work may shed some light to the reason nobility inversion, i.e., 

due to different surface terminations (paper I). 

Work function values of those studied systems are plotted in Figure 4-2. Note 

that not all data points are shown (details can be found in paper I). It can be clearly 

seen in Figure 4-2a, alumina has a much higher work function, implying a high 

resistant against charge transfer process. Therefore, a surface layer of alumina 

covered on Al alloys can provide a high corrosion resistance. Calculation slab size 

of α alumina has a slight effect on the calculated work function, a deviation of 0.5 

eV. This deviation is probably due to different slab thicknesses used in the 

calculation. While Al2Cu and MgZn2 show a relatively narrow distribution of work 

function (see Figure 4-2a), Mg2Si and Al2CuMg show more divergent work 

function values (as large as 1 ~ 2 eV), depending on terminal atom types. Take 

Mg2Si for example, the surface with Mg-termination has a much lower work 

function than that with Si-termination for both (100) and (111) orientations. 

Similarly, for Al2CuMg, the Mg-terminated surface has lower work function than 

Cu- or Al-terminated surfaces. Since work function is a surface-sensitive property, 

the above phenomenon can be explained by the work function of pure metals, i.e., 

Mg has the lowest work function, while Cu and Si have relatively higher work 

function. 
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Figure 4-2 Calculated work function for (a) Al2Cu, Al2CuMg, Mg2Si, MgZn2, Al, and (0001) 

surface of α alumina. For each IMP, a few crystalline faces with specific atom termination 

are selected and plotted, suggesting large difference due to orientations (not all calculated 

orientations are shown). Three low-index crystalline faces, (111), (110) and (100) of Al is 

displayed. (b) Volta potential difference between the four IMPs and Al, where figures 

beside the blue and yellow bar are calculation and experimental results (from literature), 

respectively. (c) Comparison between the calculated Volta potential (blue area) and 

corrosion potential (orange area, reported in literature). 

(a) 

(c) 

(b) 
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Comparison between calculated and experimental Volta potential reveals a 

rather consistent trend (Figure 4-2b). For Mg2Si, both positive and negative values 

have been reported in literature, which is contributed to different orientations as 

well as terminal atoms, as inferred from our calculation. Another experimental 

observation, electrochemical nobility inversion, may be explained by the change 

of the surface atomic layer, i.e., active atoms, like Mg, tend to be dissolved initially, 

exposing atomic layer with larger work function (thus Volta potential). These DFT 

results suggest that, IMPs containing elements with quite diverse work functions 

may show different nobilities like in the case of Mg2Si and Al2CuMg. By comparing 

our calculated Volta potential to corrosion potential values reported in literature 

(Figure 4-2c), some consistent trend for the IMPs can be discerned. However, their 

relationship is not that straightforward, which is owing to the fact that corrosion 

potential measured in solutions contains additional contribution of the potential 

drop at the metal/solution interface. 

Models with specific orientations have been defined and calculated in this 

thesis. However, it should be notified that, for a real material surface, any 

orientation can possibly be present depending different environments. Moreover, 

it is expected that polycrystalline surfaces can be exposed. Consequently, the work 

function of a real material may largely differ under different conditions.  

Further evidence for varying work function of a material is found in the partial 

density of state profile for the Mg- and Si-terminated Mg2Si(100). On the Mg-

terminated surface, both s and p electron states of Mg, Si show a wide and 

dispersed distribution from -0.4 Hartree (Ha) to 0.1 Ha. Below Fermi energy, there 

is a strong hybridization peak at around -0.15 Ha between Mg-s and Si-p. Strong 

hybridization is also seen above Fermi energy, indicating high electron activation, 

thus easy detachment of electron from this surface, corresponding a low work 

function of this surface. On the contrary, electrons on the Si-terminated surface are 

more locally distributed with only one Si-s peak and one Si-p peak at around -0.25 

Ha and Fermi energy, respectively. Nearly no electron state is present above the 

Fermi energy, meaning that it is hard for electron transfer reaction to occur on this 

surface. 

4.2 Surface properties upon aqueous ad-layers 

Humidity exists almost everywhere in ambient environment, which is 

commonly seen on metallic surfaces in forms of H2O ad-layers. The relative 

humidity determines the thickness of H2O ad-layer 51. Processes such as H2O 
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adsorption, dissociation, and reaction with metal play a key role in surface 

oxidation and corrosion. For Al, H2O not only promotes the formation of a passive 

film, it also hydroxylates surface oxide, transforming the amorphous-like structure 

of the oxide to more-crystalline like structure 10, 118. Moreover, H2O adsorption was 

reported to modify metallic work function under controlled relative humidity 86.   

4.2.1 Adsorption of pure water (H2O) 

The adsorption of single H2O molecule is rather weak on Al(111) surface, with 

an adsorption energy about -0.3 eV. Whereas single H2O adsorption is more 

favored on α-Al2O3(0001), with an adsorption energy of -1.1 eV. The adsorption of 

dissociated H2O is even more stable (the adsorption energy is 0.4 eV lower). 

Orientations of H2O molecules may change with the surface terminations of 

alumina. To study the effect of H2O orientations, a number of H2O molecules 

adsorbing on α-Al2O3(0001) surface with two opposite orientations: upward 

(wat_U) or downward (wat_D) are considered. Though the first H2O will always 

bind to a surface Al of α-Al2O3, subsequent H2O adsorption (wat_U or wat_D) 

eventually leads to a significant difference in adsorption configurations, and thus 

the work function (Figure 4-3a).  

 

Figure 4-3 Optimized structures of H2O adsorption on α-Al2O3(0001) surface with 

upward (wat_U) (a) and downward (wat_D) (b) orientations. Slabs are enlarged by 2x2 

for a better view. Red, purple, white are O, Al, H, respectively. (c) Work function change of 

α alumina with H2O adsorption. 

The adsorption of H2O with upward orientation results in work function 

decrease compared to the bare surface (Figure 4-3b). With more H2O introduction, 

work function is further decreased. In contrast, the work function of α-Al2O3 with 

wat_D adsorption increases to above that of the bare surface, when more than 
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three H2O monolayers (ML) adsorb. Different dipoles within H2O molecules are 

believed to be responsible for the difference in work function change. 

Next section is focused on how water molecules influence micro-galvanic 

effect between IMP and Al matrix by calculating their work function change upon 

water adsorption at increasing coverage. Here, Mg2Si(111) with Si and Mg 

terminations, and Al2Cu(110) with Cu termination are considered for IMP, while 

Al(111) and α-Al2O3(0001) (oxide-covered matrix) are considered for Al matrix 

(paper II, III). Single H2O can barely adsorb on Mg2Si(111)-Si due to a large 

positive adsorption energy, as more water molecules participate, adsorption 

becomes favorable with an adsorption energy reaching -0.4 eV at 1 ML. This may 

be due to change of balance between H2O-surface interaction and H2O-H2O 

interaction 119. A similar trend is seen for water adsorption on Al2Cu. On the 

contrary, H2O adsorption on Al, Mg2Si-Mg and α-Al2O3 is favorable, and Ead only 

changes slightly with water coverage (Figure 4-4a). This indicates that the 

interaction between H2O and these two surfaces is a dominating factor. Moreover, 

the 𝐸𝑎𝑑  of these surfaces converges to a narrow range, -0.5 eV ~ -0.8 eV, at higher 

water coverage. To explain this, hydrogen bond strength is estimated by 

calculating energy difference of separating two water molecules, which is -0.25 eV 

Then each water molecule contributes -0.5 eV to the adsorption energy assuming 

that each water molecule has two hydrogen bonds involving in the adsorption 

system. A positive correlation is found between 𝐸𝑎𝑑   and work function, 

indicating water adsorption stability increases with a decrease in work function of 

the adsorption system. 

 

Figure 4-4 Adsorption energy of water on Al, IMPs and alumina surface (a). Volta 

potential difference of IMPs relative to Al and alumina (b).  

Volta potential difference (Δψ) between those three IMP and Al matrix can be 

derived from their work function difference, and the results are shown in Figure 

(a) (b) 
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4-4b. Relative to Al(111), Mg2Si-Si and Al2Cu exhibit cathodic character when 

water coverage is below 1/2ML, however, they change to anodic character when 

covered by a full monolayer of water. Water adsorption on Mg2Si-Si causes a 

significant surface relaxation, namely atom “mixing” with Mg atoms moving from 

subsurface to surface. The work function is thus reduced. Whereas Mg2Si-Mg 

remains to be anodic relative to Al(111) at water coverage higher than 1/2 ML. 

Clean Al surface without any oxide is a model system, whereas the reality is 

that Al is generally covered by a thin layer of oxide layer under ambient conditions. 

Therefore, it is necessary to consider alumina surface (oxide covered matrix), and 

corresponding Δψ are also shown in Figure 4-4b. In this case, all three IMPs show 

an anodic character relative to alumina surface, which is in good agreement with 

our SKPFM measurements under controlled RH. However, it should be noted that 

the RH applied in SKPFM experiments ranged from around 25% to 95%. A semi-

quantitative relationship between water monolayers and the RH shows that more 

than two MLs of water presents on surface when RH is about 40% 51. Although it 

is not possible to compare those calculations with SKPFM results in a one-by-one 

manner, the results show good agreement concerning Volta potential change when 

exposed to water environment.  

4.2.2 Stability of various surface adsorbed species 

As mentioned previously, single H2O molecule (1/4ML) on Mg2Si(111)-Si 

surface leads to a large surface relaxation. When one monolayer of H2O is adsorbed, 

the H2O molecule is observed to spontaneously dissociate into an OH group and a 

H atom bonded to surface Si. However, no spontaneous H2O dissociation is 

observed for other surfaces.  

Dissociation of H2O on Al(111) and the three IMPs (paper III) at different 

levels of H2O coverage was studied, the results indicate that H2O is unlikely to 

dissociate into OH and H, on the Al(111) or Al2Cu(110)-Cu surface. A very different 

situation is found for Mg2Si(111), where both Mg and Si terminations show a large 

tendency for H2O dissociation (paper III). Mulliken charge analysis shows that 

surface Mg atom of Mg2Si(111)-Mg has transferred some electrons to adsorbed 

H2O, which may promote the surface dissociation. 

Phase diagram of aqueous ad-layer on Mg2Si(111) as well as Al(111) were 

calculated based on approach proposed by Nørskov 103. The adsorption free 

energies of OH group, H atom as well as O atom are obtained to give a general idea 

about phase stability with certain electrode potential range. Figure 4-5 suggests 

that under high potentials, O atoms will gradually cover all surfaces, whereas H 
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adsorption is more stable at low potentials. Moreover, for Mg2Si, a narrow OH 

“window” is also seen, indicating that OH can also be found on this surface under 

certain potentials. This confirms the obvious result that H2O dissociation has 

larger tendency on Mg2Si than Al surface.  

 

Figure 4-5 Adsorption free energy of intermediates, OH, O and H (with increasing 

numbers on surface), formed during H2O dissociation on (a) Al(111), (b) Mg2Si(111)-Mg 

and (c) Mg2Si(111)-Si surfaces, as a function of potential. 

4.3 Chloride adsorption and surface reactions 

4.3.1 Co-adsorption of Cl with O 

Considerable experimental observations have shown that Cl- ions tend to bind 

locally on Al surface, compete with surface O species, and eventually damage the 

surface passive film of Al, leading to initiation of localized corrosion, as mentioned 

in the Introduction section. Based on these scenarios, specific atomic models are 

investigated, aiming at elucidating possible mechanisms of different scenarios 

(paper IV). In DFT calculations, a Cl atom is introduced in the model and charge 

transfer usually occurs due to its interaction with metal and/or other atoms. Thus, 

(a) (b) 

(c) 
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this Cl acts as ionic to some degree. In practice, Cl is mentioned in the DFT studies 

whereas Cl- ion is often mentioned in the discussion about corrosion systems.  

Scenario I: Cl interaction with passive film formed by one monolayer of O 

As mentioned in previous chapters, O tends to adsorb on Al surface quite fast, 

forming a passive film on Al surface. Because the film is not always perfect or stable, 

it can be easily deteriorated in aggressive solutions. As the first step for simulating 

localized corrosion on Al, a full monolayer of O atoms adsorbs at the three-fold 

sites, forming an O-Al3 like “passive film”. The binding energy of oxygen with bare 

Al is around -7 eV. Subsequently, Cl atoms with different levels of coverage are 

introduced onto this O-covered Al surface. Optimized structures reveal that Cl 

atoms cause great relaxation to the O-Al3 network in terms of both Al-Al bonding 

strength and Al atom buckling along the surface normal direction. However, Cl is 

unable to totally damage the O mono-film partly because of its lower binding 

energy to Al, ~ -3 eV. Besides, Al-O bond is slightly extended with Cl interaction 

(Figure 4-6, scenario I). 

Scenario II: Co-adsorption of Cl atoms and O2 molecules 

The inner stress within oxide can lead to oxide film breakdown, which can be 

easily repaired by the H2O or O, but can barely be healed with Cl- ions. Thus, it is 

possible that bare Al surface is exposed to aqueous solutions with both O2 

molecules and Cl- ions. It is supplementary for scenario I. The models for this 

scenario assume that the two types of species are present at Al surface 

simultaneously, so their co-adsorption and competitive adsorption could be 

studied. The total increase of both species results in a competitive adsorption as 

expected, indicated by the change of adsorption sites: Cl- and O no longer adsorb 

at their most stable sites. Meanwhile, relaxation within Al surface is seen, and a 

substructure “AlCl2” forms, which is ready to detach from the surface. Partial 

density of state (PDOS) data demonstrate that the strong hybridization peak 

between Al-3s and O-2p at -0.28 Ha is greatly weakened due to the introduction of 

Cl, while a new peak comprised of Al-3p and Cl-3p arises at -0.18 Ha (Figure 4-6, 

scenario II). 
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Figure 4-6 Formation of O-Al3 “mono-film” and subsequent relaxation after Cl 

introduction (scenario I); PDOS of Al and Cl, O, indicating the change of interaction of those 

species (scenario II); Relaxation and surface reactions caused by concentrated Cl 

environment. 

Scenario III: Concentrated chloride environment within a meta-stable pit 

The last scenario concerns the propagation of meta-stable pitting, where 

highly concentrated Cl- environment is required. The critical Cl- concentration for 

stainless steels is 3 mol/L 28. Accordingly, the models with increasing Cl- coverage 

are constructed for this scenario. At low coverage, Cl- is found to stay on top sites 

since the competition between Cl- is relatively weak. At moderate coverage, Cl- 

adsorption causes buckling in surface Al atoms. With increasing interaction 

Scenario I 

Scenario III 

Scenario II 
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between Cl- and Al atoms, the highly localized Cl-3p band is slightly widened in the 

density of state plot. When one monolayer of Cl adsorbs on surface, further 

reactions occurred with the formation of “AlCl3” and “Al2Cl5”, readily detaching 

from Al surface. PDOS of Al-3p and Cl-3p shows a rather strong hybridization peak 

at -0.2 Ha. In addition, differential electron density sliced through the “AlCl3” plane 

reveals large electron accumulation around Al-Cl bond, confirming the strong Al-

Cl interaction (Figure 4-6, scenario III). 

4.3.2 Co-adsorption of Cl with H2O 

The above scenarios focus on the impact of Cl adsorption on the Al system, in 

terms of energetics as well as structural changes. Those changes make the metallic 

system instable, and will eventually lead to localized corrosion, e.g., pitting. On the 

other hand, as mentioned before, pure H2O adsorption has large influence on the 

surface work function, which in turn may change the electrochemical nobility of 

the microstructural phases. Here, as a further step, we consider the effect of Cl-

containing aqueous ad-layer on micro-galvanic effect between the IMP (Mg2Si and 

Al2Cu) and Al matrix (paper III). 

Cl is introduced by replacing the formed OH in section 4.2, so that Cl together 

with H2O molecules are present on surfaces, which is more realistic for corrosion 

studies. From experimental experience, there is evidence that Cl ions can repel 

surface H2O and compete with oxygen species. However, with the calculation 

models and parameters used, Cl replacing OH is not energetically favorable, 

possibly due to the disruption of existing H bonds upon Cl introduction. Another 

possible reason is that Cl has larger ionic radius than OH. On the other hand, 

defects or applied electrode potential may assist such process, as verified by the 

phase diagram calculations in section 4.2. 

The calculation results show that, Cl-containing H2O ad-layer increases the 

work function compared to bare Al surface, which is mainly attributed to a direct 

electron transfer from Al to nearest H2O molecules, as illustrated by deformation 

electron density analysis. On Al surface, Cl is seen to stay above H2O ad-layers, so 

that the interaction between Cl and Al might be “screened”. The oxidation of metal 

is believed to be one reason increasing the work function 120. Moreover, Volta 

potential of Al matrix was reported to be increased after immersion in NaCl 

solutions 78, in good agreement with the calculations. On the contrary, a decreased 

work function on Mg2Si(111)-Si is seen with a Cl-containing H2O ad-layer. The 

deformation electron density profiles provide evidences for both structural and 

electronic rearrangements on Al surface, leading to a net dipole pointing up and 
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thus a decreased work function. 

Volta potential difference between IMP and Al can be derived from their work 

functions. Results show that initial galvanic couples “Mg2Si(111)-Si (cathode)/Al 

(anode)” and “Al2Cu(110)-Cu (cathode)/Al (anode)” are reversed with the 

adsorption of the SUB-aqueous ad-layer (SUB means the OH in the aqueous ad-

layer is substituted by a Cl atom), indicating a possible mechanism for the 

previously observed so called “nobility inversion”. 

4.4 Cl transport within alumina 

So far, surface adsorption or co-adsorption of various species common in 

corrosion has been investigated aiming at “imaging” and elucidating interactions 

and processes involved in localized corrosion. Cl is a well-known key factor that 

de-stabilize Al structures. Corresponding scenarios and calculating models mainly 

treat bare Al or O-covered Al surface. In reality, a thin oxide film is always present 

on Al. It was deemed that Cl ions not only adsorb on Al surface, but also enter into 

and transport within the oxide film, finally leading to its breakdown. Theoretically, 

Cl was found to adsorb on Al-top site of α-Al2O3(0001) surface, with adsorption 

energy -1.22 eV (paper V). The next sections concern the possibility of Cl transport 

within alumina.  

4.4.1 α phase 

As a starting point, α-Al2O3 is assumed to be the oxide film covering Al surface 

(paper VI). First of all, one vacancy (Al or O vacancy, Alv or Ov) is created, which 

requires large positive formation energy independent of its depth in the oxide film. 

Compared to Ov, formation of Alv requires more energy (30%), which is consistent 

with literature 121.  

Cl insertion in the surface or subsurface vacancies (both Alv and Ov) is 

relatively easy, but becomes less favorable when occupying deeper sites of Alv. In 

comparison, Cl can occupy O vacancy (Ov) in a more exothermic way, with nearly 

constant insertion energy. The insertion energy of Cl in Ov is a few eV lower than 

that for Alv, and the difference is larger within thicker oxides. Since taking away an 

Al or O atom from the alumina will leave the slab negatively or positively charged, 

respectively, Cl (bearing negative charge) should be easier to reside at Ov 

considering the repulsive/attractive force. It is energetically more favorable that 

Cl ions transport by O vacancies in alumina 33, 91.  

Assuming that Cl can jump from an Ov to a neighboring Ov, a migration energy 
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barrier is seen from the insertion energy curve. The calculation results reveal that 

Cl transport within alumina is an activation process, where the barrier increases 

with oxide thickness (from 0.5 eV to over 2 eV). The estimated migration rate 

(shown in Figure 4-8c) and thus transport coefficient of Cl in alumina (with 

moderate thickness) within the normal temperature range is qualitatively 

consistent with the O lattice diffusion coefficient 122.  

In summary, deterioration of alumina is evidenced by the large work function 

decrease (> 2 eV) as well as locally structural variations from Al-O bond (1.7 A ) to 

a longer Al-Cl bond (2.4 A ). Moreover, Cl transport within Al matrix is also studied, 

and results indicate that Cl has no tendency to move toward the interior of Al metal, 

but would rather adsorb on surface or subsurface, which agrees well with x-ray 

absorption near edge spectroscopy (XANES) results 123.  

 

Figure 4-7 (a) Comparison of the insertion energy of Cl inserted in Al and alumina with 

increasing oxide thickness (L7-L15). (b) Interfacial potential gap at the Al/alumina 

interface created by the work function difference of both phases.  

When Cl- ions already penetrate into the Al/alumina interface, they may start 

to move towards both directions into Al or alumina. It is nearly impossible to enter 

the Al matrix; however, they can easily penetrate into the alumina, indicated by 

their insertion energies (Figure 4-7a). Moreover, a Volta potential difference at 

the interface is observed with Cl insertion, in which Al and alumina are 

respectively cathode and anode (Figure 4-7b). Taking the alumina with thickness-

L13 and the bare Al as an example, when one Cl resides at the 5th layer of Ov (work 

function is 2.37 eV), the potential gap between this oxide and bare Al (work 

function is 4.16 eV) would be 1.79 V, shown in Figure 4-7b. Given that L13 is about 

(a) 

(b) 
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1.1 nm thick, corresponding electric field at the interface is ~1.6 * 107 V/cm, 

showing a perfect consistency with 31. 

4.4.2 More than one Cl (high Cl concentration) 

For the unit cell of α-Al2O3 studied above, one Cl has been found to favorably 

stay at O vacancy. However, by using a larger calculation cell it is possible to study 

various sites for Cl insertion within alumina. A (1x3) sized alumina is constructed, 

with the first Cl insertion at the 5th Ov, while the second Cl is placed at vacancies 

from the surface, and then stepwise into the bulk, with schematic description 

depicted in Figure 4-8a.  

 

Figure 4-8 Schematic of the model of two Cl atoms, with the first Cl pre-inserted at 5th Ov, 

while the second Cl moves from the surface into bulk alumina (a). Search for optimized 

path for Cl migration between oxygen vacancies ([n]-[n+1]) in alumina, indicated by the 

dotted line (b). Migration rate, ln k, as a function of temperature for one Cl in alumina with 

varying thickness (L7-L15) (c). The effect of pre-inserted Cl on the migration rate, ln k, of 

Cl (d). 

First of all, it should be mentioned that, the insertion energy is nearly 

independent of slab size from the calculations, verifying the rationality of using a 

(a) 

(b) 

(c) (d) 
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unit cell in the previous section. Since there are a few possible paths for Cl 

transport within the alumina, an optimal path for Cl transport could be found by 

comparing their energy barrier (dotted line in Figure 4-8b). Although other 

possible sites are available, here the aim is to prove that a transport path with the 

lowest energy barrier can be found by doing more extensive calculations.  

Additionally, it could be also interesting to investigate whether a pre-insertion 

of Cl in alumina can promote more chloride migration, mimicking a Cl- high 

concentration in the real corrosion system. The migration rate (see Eq. 3-16) of Cl 

in the interior of alumina, without or with pre-inserted Cl, is plotted in Figure 4-

8d (open and solid points are respectively the maximum, minimum of energy 

barrier for both systems). It can be seen that pre-insertion of Cl within alumina 

indeed reduces the energy barrier, for the following Cl transport, corresponding to 

a higher migration rate. 

4.4.3 γ phase (unpublished data) 

α-Al2O3 is the most stable one among all alumina phases. In reality, upon 

exposure to ambient environment, other meta-stable oxide, e.g., γ alumina is more 

likely to form on Al surface. The structure of γ alumina is more open in comparison 

to α-Al2O3 (see Figure 4-1). Therefore, it is expected that Cl can more easily 

migrate within γ alumina. Indeed, the insertion energy of Cl in vacancies (Alv or Ov) 

in γ alumina shows an affinity towards Ov, similar to that for α alumina. This 

suggests that the DFT calculations using α alumina as the model oxide is relevant 

for natural oxide films formed on Al, providing valuable information for the study 

of corrosion of Al alloys.  

However, the atomic structure of γ alumina is totally different from that of the 

α phase. The Al and O atoms are no longer arranged layer by layer, independently, 

but sometimes present at the same layer, as shown in Figure 4-9b. This implies 

some different behavior for the two types of Al oxides, including the Cl migration 

in the oxide, e.g., the migration path. When there are multiple sites available at the 

same layer, Cl migration will take the most energetically favorable path. For 

instance, although the Cl at Al_4 site (pointed out by a black dot in Figure 4-9b, c) 

can jump to several sites at the fifth layer, however, O-5b site is more favored as it 

costs less energy (Figure 4-9a, c). 
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Figure 4-9 Insertion energy for Cl in vacancies (Alv or Ov) of γ alumina (a). Optimized 

structure with Cl located at O_5a (b), and O_5b (c) sites, respectively. Directions pointing 

out by the blue line means two possible paths for Cl transport from Al_4 site to O_5a, or 

O_5b site. Layer number 1-6 in Figure 4-9a is indicated in Figure 4-9b. 

4.4.4 Surface alloy doping (unpublished data) 

Alloy-doped α-Al2O3 (L13) is discussed in terms of Cl migration. The choice of 

Mg, Si, Cu is based on their role in Al corrosion. Mg has much lower work function 

than Al, Cu and Si, and it acts as a corrosion promoting in reality. Si seems to be 

most resistant to corrosion, since it has quite high work function. However, it is 

regarded as a detrimental element in Al alloys because it increases brittleness of 

the alloys. On the other hand, Cu is more beneficial to Al alloys. Alloy doping may 

modify the isoelectric point of the oxide surface, thus change the surface charge 

and reactivity 124, 125. It may also affect the adsorption energy of Cl on Al and oxide 

surfaces. Moreover, it modifies Ov concentration within the oxide film 124. 

In our work, surface Al of α-Al2O3 is replaced independently by Mg, Si, or Cu. 

The results demonstrate that formation of Ov is largely promoted compared to the 

no-doping alumina, whereas Alv formation is hardly affected. Furthermore, the 

energy barrier for Cl transport is found to decrease steeply from 2.85eV to 0.88 eV 

with Mg doping and 0.35eV with Cu doping, respectively. According to literature, 

Mg-doping promotes the formation of Ov within Al2O3, which results in an easier 

ionic transport 122. whereas Si doping increases the energy barrier slightly. 

(a) 

(b) 

(c) 
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Figure 4-10 PDOS of surface (a)-(d) Al, and alloying elements Mg, Si, Cu, respectively, 

with neighboring O as well as of (e)-(h) corresponding cases of inserted Cl with 

neighboring Al. 
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Partial density of states (PDOS) is plotted for the surface Al or the doping 

elements and neighboring O, as well as the inserted Cl (at 2nd Ov) with neighboring 

Al. Firstly, the interaction of surface metal elements and neighboring O atom is 

studied. Compared to the no doping case, the doping of Si attains the s state of 

surface Al at E=0 (arrow in Figure 4-10a, c), whereas this state moves from 

around 0 to 0.15 Ha in the Mg- and Cu-doping cases. In addition, the surface metal 

p state shows only one peak in the no-doping case, whereas it splits into two in the 

Si-doping case. The hybridization peak between Si-s and O-p at -0.35 Ha (Figure 

4-10c) is more intense than the interaction between Al-s and O-p at the same 

energy (Figure 4-10a), possibly indicating a stronger Si-O interaction.  

The main distribution of Mg state is above 0 Ha (Figure 4-10b). Whereas the 

d state of Cu is the main component below 0 Ha, having a relatively strong 

hybridization peak with O-p at -0.1 Ha (Figure 4-10d). This interaction probably 

results in an electron depletion around surface Cu atom.  

When the Cl is inserted in 2nd layer of Ov, the PDOS of Cl and the Al atom 

binding to Cl in each case is calculated. It is found that the s and p states of Cl, in 

the Mg- and Cu-doping systems, move to higher energy compared to the no-doping 

and Si-doping systems, indicating a higher activity of Cl. Besides, the hybridization 

peak intensity at -0.35 Ha is higher in the latter two systems (arrows in Figure 4-

10e, g), revealing that the Cl has stronger interaction with neighboring Al, making 

it harder to move to another O vacancy. 

4.5 Aqueous environment containing chloride ions – studied by DFT and 

classical MD (preliminary results) 

In the last section of this thesis, structures of an aqueous ad-layer with both 

H2O and Cl are constructed and studied by DFT and classical MD methods, aiming 

at revealing both energetics of Cl adsorption as well as dynamics of Cl-containing 

H2O ad-layers on Al surface. 

Cl has been known to promote pitting corrosion of passive metals including 

Al alloys. It can specifically adsorb on metal surfaces, expelling originally adsorbed 

H2O molecules. Generally, Cl behaves in its ionic state when the metal surface is 

positively charged. However, in many first-principle studies, Cl atom rather than 

Cl- ion was used. It is nearly impossible for those simulations to assign charge to 

one specific atom in a calculation model. As an alternative way for simulation, one 

NaCl “molecule” is constructed in this section, assuming that Na and Cl would act 

like Na+ and Cl- at the same time, while the charge neutrality is also attained. 
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(1) Cl ion or atom studied by DFT using implicit solvation models 

In the DFT calculation part, one NaCl adsorption on Al(111) surface is 

investigated, where an implicit water model (dielectric constant 78.5), conductor-

like screening model (COSMO) is applied, to mimic the effect of a continuum 

solvation on the adsorption system. For NaCl, two orientations: Na-Cl-Als (with Cl 

initially neighboring the surface, noted by COSMO-1), and Cl-Na-Als (with Na 

initially neighboring the surface, noted by COSMO-2) are considered. Note that the 

nearest neighboring Na-Cl length in NaCl crystal is about 2.8 A  126. In both cases, 

the distance between Na and Cl atoms (𝑑𝑛𝑎−𝑐𝑙) is allowed to change from 2.6 A  to 

6.0 A  in the calculation settings. For each 𝑑𝑛𝑎−𝑐𝑙, a total energy can be obtained 

(Figure 4-11a). The same adsorption configurations, i.e., the cases where the Cl of 

NaCl is closest to surface Al, are also calculated, without any solvation model 

(noted as No COSMO). Use of implicit solvation model could greatly stabilize the 

system by considering the total energy, seen from the reduced oscillation in the 

energy curve.  

From the optimized structures, the oscillation in total energy is mainly due to 

flipping of Na-Cl from a vertical (Na-Cl vector towards Al surface) configuration to 

a parallel one, for instance from “A1” or “A2” to “A3” (No COSMO), or from “C2” to 

“C1” (COSMO-2). The corresponding structure changes imply the total energy 

difference of 1 eV and 0.7 eV, respectively. While for the COSMO-1 system, no 

flipping is observed, and Na-Cl keeps its vertical configuration, with only a slight 

variation (0.3 eV) in total energy. Besides, adsorption energy obtained in COSMO-

1 is about 0.3 eV lower (more stable) than that in the case of single Cl adsorption.  

Apart from energetics, the Mulliken charge indicates that surface Al bears 

higher positive charge when Cl is closer to the surface (Figure 4-11b). An 

unexpected negatively charged Al surface is obtained in COSMO-2, when Cl is far 

from the surface, corresponding to “C3” configuration in Figure 4-11a. This 

surface situation is rather unfavorable for chloride specific adsorption, which 

confirms that the COSMO-1 system would be more realistic for simulating an 

environment containing Cl- ions. Interestingly, the results also show that Cl atom 

is less negative when it reaches to Al surface in nearly all three systems (Figure 4-

11c), which is possibly due to that more surface Al atoms will take part in the 

interaction with the Cl. 
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Figure 4-11 Total energy with respect to the initial Na-Cl distance (a), Mulliken charge 

analysis for surface Al (b) and Cl (c), as a function of optimized Cl-Al distance, in different 

adsorption systems (No COSMO, COSMO-1and -2).  

(2) Aqueous environment evolution studied by classical MD 

An obvious limitation for DFT calculations is that only a small system can be 

handled, which hinders the possibility of investigating aqueous environments on 

Al surface in a realistic scale. On the other hand, MD simulation can handle large 

systems relevant for corrosion of metals. Here, preliminary calculations based on 

(a) 

(b) (c) 
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classical MD with the scheme of NVT ensemble are presented. A total number of 

72 H2O molecules were added to Al or α-Al2O3 surface. Initially, the H2O follows a 

structure of ice, so two opposite orientations are examined by MD, which turn out 

to have no effect on the final water distribution. Another four models containing 4, 

8, 12, 36 Cl ions, respectively, are constructed by replacing H2O molecules on both 

surfaces. After 100ps dynamic simulation, Cl is observed to enter into Al matrix 

when 36 Cl ions are present on Al surface (Figure 4-12a, b).  

 

Figure 4-12 Configuration (a), concentration of Cl, H2O (b) on Al surface with aqueous 

environment containing 36 Cl ions. (c) The radial distribution function of intermolecular 

Ow-Hw within adsorption of pure H2O, and H2O containing 4~36 Cl ions. (d) Solvation 

environment around Cl ions on Al and alumina surfaces (inset shows schematically the 

solvent around one Cl ion, with closer H(1) and farther H(2) indicated in the figure). 

Regarding evolution of the aqueous environment with Cl ions on Al surface, 

the radial distribution function (RDF) between H2O molecules (g(r)_Ow-Hw) as 

well as between H2O and Cl ((g(r)_Cl-Hw)) is plotted in Figure 4-12c and 4-12d, 

respectively. As can be seen in Figure 4-12c, the peak intensity of intermolecular 

(a) (b) 

(c) (d) 

Cl ingress 
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Ow-Hw bond (H bond) decreases as the amount of Cl increases, which is generally 

expected as the number of H2O decreases. Whereas the peak position does no 

change, and only a peak broadening occurs upon addition of 36 Cl ions, suggesting 

that the introduction of Cl ions does not cause significant change to the 

interactions between H2O molecules. Interestingly, the local solvation structure 

around Cl varies depending on surfaces, indicated by larger Cl-H distance on 

alumna than that on Al surface, as shown in Figure 4-12d. This indicates that Cl 

has a looser solvation structure on alumina. It may also imply that Cl ions have 

larger tendency to repel H2O on alumina surface.  
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5 Concluding remarks & outlook 

In this thesis work, theoretical studies have been performed, mainly DFT, for 

a few typical scenarios relevant for localized corrosion of Al alloys. The studies 

have been focused mainly on the interfaces between metals or IMPs and aqueous 

ad-layers. The results regarding the interplay of Cl ions and those metallic or 

intermetallic phases, the formation and development of micro-galvanic effect shed 

some light into the mechanisms of the corrosion initiation and propagation. 

Cl ions are able to deform O monolayer adsorbed on pure Al surface. As a 

result, the binding energy as well as the structural stability is decreased, indicating 

a loss of passivity. However, due to a strong bonding between Al and O atoms, Cl 

cannot replace O in the adsorbed layer. Instead, Cl is found to compete with O2 

molecules on Al surface, inhibiting re-passivation process. Significant relaxations 

and formation of surface intermediates confirm that the Cl concentration needs to 

reach a critical level for the propagation of pitting corrosion. Transport of Cl within 

alumina deteriorates its properties in terms of strong structural relaxation as well 

as a large drop of the work function. Energetically, Cl transport via O vacancy is 

favorable, however, overcoming a moderate energy barrier is required to facilitate 

the Cl migration. This energy barrier is reduced by alloy doping as well as pre-

insertion of Cl. Compared to α-alumina, meta-stable γ alumina has a more open 

structure, which is easier for Cl transport as indicated by a lower energy barrier. 

Micro-galvanic effect established between IMPs and Al matrix depends 

largely on the crystalline orientations, terminal atomic types, as well as the 

adsorption of different species. The calculated adsorption energy indicates that 

H2O dissociation is possible for Mg2Si under certain potential bias. For bare metal 

surfaces, terminations containing elements of high work function in pure metal 

form, will mostly likely exhibit a high work function, and vice versa. 

Electrochemical nobility inversion can thus be attributed to the change of surface 

terminations. A good correlation is found between the calculated and 

experimental Volta potential data, both for bare and H2O-covered metallic surfaces. 

H2O is shown to have strong oxidation effect on Al surface, regardless the 

introduction of Cl. All studied IMPs exhibit anodic character relative to Al as the 

coverage of H2O ad-layer increases.  

Moreover, NaCl with Cl near Al surface shows a more Cl ion-like character 

compared to other configurations as well as the adsorbed Cl atom. MD simulations 

demonstrate that Cl ions enter Al surface at a sufficiently high Cl concentrate. 

Though Cl ions can hardly disrupt the H network within H2O, the aqueous solvation 
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structure seems to be looser on alumina surface than that on Al surface. 

In the future, it is worth to study the stability of Al/alumina interface, as well 

as the effect of Cl transport within the interfacial region. Subsurface or even deeper 

alloy doping of alumina should be investigated in terms of Cl transport. 
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